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(57) ABSTRACT

Graft copolymer polyelectrolyte complexes are disclosed for
the efficient delivery of anionic, cationic or polyelectrolyte
therapeutic agents into biological cells, and for maintaining
the biological activity of these molecules while in serum and
other aqueous environments are provided. Such complexes
comprise (1) an anionic graft copolymer containing an
anionic polymer backbone, with pendent carboxylic acid
groups and pendant chains containing amphipathic or hydro-
philic polymers covalently bonded to a portion of the pendant
carboxylic acid groups, (2) one or more anionic, cationic or
polyelectrolyte therapeutic agents, and (3) optionally a lipo-
some optionally containing an additional therapeutic agent.
Also disclosed are functional nanoparticles containing the
complexes.

14 Claims, 7 Drawing Sheets
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Figure 4a
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Figure 5a
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GRAFT COPOLYMER POLYELECTROLYTE
COMPLEXES FOR DRUG DELIVERY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation-in-Part under 35 U.S.C.
§120 of U.S. patent application Ser. No. 12/744,824, filed on
May 26, 2010, which is the U.S. National Stage application
under 35 U.S.C. §371 of International Application Serial No.
PCT/US2008/84995, filed on Nov. 26, 2008, which claims
the benefit of priority under 35 U.S.C. §119(e) of U.S. Pro-
visional Application Ser. No. 60/990,606, filed on Nov. 27,
2007.

This application also claims the benefit of priority under 35
U.S.C §119(e) of U.S. Provisional Application Ser. No.
61/619,234, filed on Apr. 2, 2012. The entire disclosures of all
of the above applications are incorporated herein by refer-
ence.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
Contract No. W81XWH-10-2-0139 and the FY10 Defense
Medical Research and Development Program Basic Research
Award for Project D61_1_10_J2_ 235, both of which were
awarded by the Department of Defense. The government has
certain rights in the invention.

FIELD OF THE INVENTION

This invention relates to materials and methods for intrac-
ellular delivery of drug molecules which are otherwise diffi-
cult to deliver, including for example, therapeutic cationic
peptides, oligonucleotides, other nucleic acids, plasmid DNA
encoding genes or ribozymes, peptide nucleic acids, ami-
noglycoside antibiotics, glycopeptide antibiotics, and
lipopeptide antibiotics. Further, co-delivery of other thera-
peutic agents, including for example, local anesthetics, anti-
tumor agents, imaging agents, fluorescent dyes and quantum
dots, can be achieved via incorporation of a liposome.

BACKGROUND OF INVENTION

The ability of exogenously administered nucleotide mol-
ecules to mediate gene silencing was discovered nearly 30
years ago. Ever since, this technology has been utilized as a
research tool to study gene function, and over time it has been
developed for treatment of diseases arising from the abnormal
over-expression or over-activity of a particular gene, such as
cancer, autoimmune and cardiovascular diseases, wound
healing and viral infections. This technology, referred to
herein as antisense therapeutics, includes a range of technolo-
gies differentiated by the approaches they use to break down
the mRNA. Approaches of interest include, for example,
RNA interference (RNA1i), micro-RNA, and the use of con-
ventional antisense deoxynucleotide technologies.

Further progress in this field requires improvement in the
systemic and cellular delivery of these antisense therapeutics
to their targets. Some of the barriers at the systemic level
include survival against unfavorable interactions with serum
proteins present in the bloodstream, avoidance of accumula-
tion in non-target organs such as lung, liver and kidney, and
targeting of the diseased or infected cells. Once the antisense
therapeutics have overcome these barriers, they must maneu-
ver their way into the target cell and finally to the target
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mRNA within the cell. Some of the challenges to antisense
therapeutic delivery at the cellular level include efficient entry
into the cell, escape from degradative lysosomes, and release
into the cytoplasm.

While viral vectors are also being used for delivery of such
antisense therapeutics and gene delivery, safety concerns per-
sist. Although iterative design of non-viral vectors has
endowed them with attributes for overcoming some of the
systemic and cellular barriers in the delivery of antisense
therapeutics, their delivery efficiencies are generally too low
and their cytotoxicities are generally too high. A major barrier
to the intracellular delivery of antisense therapeutics is their
sequestration in endosomes, which eventually fuse with lyso-
somes, leading to degradation of their contents.

Accordingly, there is a continuing need in the art for meth-
ods and materials that improve intracellular delivery of anti-
sense therapeutics, as well as oligonucleotides and other
nucleic acids in general.

Similarly, there is a need in the art for methods and mate-
rials to improve intracellular delivery of cationic peptides,
peptide nucleic acids, and various antibiotic molecules (ami-
noglycosides, glycopeptides and lipopeptide antibiotics),
with or without co-delivery of other therapeutic agents
(drugs).

BRIEF SUMMARY OF THE INVENTION

A first aspect of the invention provides innovative graft
polymers designed for the efficient delivery of polynucle-
otides into biological cells, and for maintaining the biological
activity of these molecules while in serum and other aqueous
environments. Polynucleotides can include plasmid DNA,
synthetic natural or chemically modified oligonucleotides
used for gene silencing via antisense or RNA interference
mechanisms, ribozymes, aptamers, microRNAs, decoys, etc.
Such polymers can comprise an anionic graft polymer com-
prising an anionic polymer backbone with pendant carboxy-
lic acid groups and pendent chains comprising amphipathic
or hydrophilic polymers covalently bonded to a portion of
said pendent carboxylic acid groups. The instant polymers
preferably have a graft density of between about 0.1 and about
25 mole percent, more preferably between about 0.5 and
about 10 mole percent, and most preferably between about
0.5 to about 5 mole percent.

Suitable anionic backbone polymers include, but are not
limited to, polyanhydrides, poly(acrylic acids), poly(alky-
lacrylic acids), carboxymethylcellulose, polyglutamic acids,
polyaspartic acids, vinyl copolymers, or combinations
thereof. In the preferred embodiments the backbone of the
instant polymer comprises poly (propylacrylic acid) or poly
(methacrylic acid). Suitable polymers for use as pendent
chains, include but are not limited to, polyetheramines, poly
(alkylene oxides), or combinations thereof.

In one specific embodiment, such polymers can comprise a
backbone comprising a poly(alkylacrylic acid) and one or
more polyetheramine pendent chains covalently attached to
said polymer backbone via said acrylic acid groups predomi-
nantly comprising ethylene oxide repeating units, wherein
said polymer has a graft density between about 0.1 and about
25 mole percent.

A second aspect of the invention provides a vector for
intracellular delivery of therapeutic polynucleotide mol-
ecules, including but not limited to antisense molecules, com-
prising a graft polymer as described above and at least one
cationic agent for delivery of polynucleotides. Suitable cat-
ionic agents for delivery of therapeutic polynucleotides mol-
ecules include, but are not limited to, surfactants, liposomes,
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peptides, polymers, micelles, nanoparticles or combinations
thereof. Polynucleotides can include plasmid DNA, synthetic
natural or chemically modified oligonucleotides used for
gene silencing via antisense or RNA interference mecha-
nisms, ribozymes, aptamers, microRNAs, decoys, etc. The
delivery vector including an antisense molecule has an elec-
trostatic charge ratio of about -5 to +5 equivalents and a
particle size of about 50 nm to about 300 nm.

A third aspect of the invention provides a pharmaceutical
composition comprising the delivery vector as described
above and a pharmaceutically acceptable carrier. The com-
position can further comprise a therapeutic polynucleotide
such as an antisense DNA or RNA molecule a plasmid DNA
or ansiRNA.

A fourth aspect of the invention provides a method of
treatment for human or animal diseases including but not
limited to cancer and heterotopic ossification. Such method
includes silencing the expression of genes, such as oncogenes
in cancer cells, by administering to a patient a therapeutically
effective amount of the delivery vector as described above
further comprising an siRNA targeted to an appropriate gene.
In cancer, the gene targeted for silencing might be an anti-
apoptotic gene, such as BCL-2. In heterotopic ossification,
the target gene might be one such as Runx2 that is in an
osteogenic pathway. Without limiting the range that may be
required for a particular therapeutic application, the dose of
siRNA can be between about 0.1 to about 25 mg/kg, prefer-
ably about 0.1 to about 10 mg/kg, more preferably between
about 0.1 to about 1 mg/kg.

A further aspect of the invention is directed to a graft
copolymer polyelectrolyte complex comprising:

(1) an anionic graft copolymer comprising:

(1) abackbone comprising a poly(alkyl acrylic acid); and

(i) one or more polyetheramine pendent chains
covalently attached to said copolymer backbone as
amides of the acrylic acid groups, wherein said pen-
dent chains predominantly comprise ethylene oxide
repeating units;

wherein said copolymer has a graft density between about

0.5 and about 25 mole percent;

(2) one or more anionic, cationic or polyelectrolyte thera-

peutic agents; and

(3) optionally, a liposome which optionally comprises an

additional therapeutic agent;
wherein when said therapeutic agent is an antisense molecule,
a liposome comprising said additional therapeutic agent is
also present.

The pendent chains of the graft copolymer polyelectrolyte
complex can further comprise one or more ligands that target
a specific cell, tissue or surface. In one embodiment, one or
more of said ligands targets a microbial biofilm or a plank-
tonic microbe. In another embodiment, one or more of said
ligands comprises a phosphonate molecule that targets bone
tissue.

Another aspect of the present invention is directed to a
functional nanoparticle comprising the above graft copoly-
mer polyelectrolyte complex, wherein the nanoparticle pro-
vides in vitro, ex vivo or in vivo delivery via oral, enteral,
parenteral or topical routes of administration of the therapeu-
tic agent.

Yet another aspect of the invention is directed to a method
of'preparing a graft copolymer-polyelectrolyte complex com-
prising the steps of:

(1) providing an aqueous mixture of an anionic graft

copolymer comprising:
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4
(1) abackbone comprising a poly(alkyl acrylic acid); and
(i) one or more polyetheramine pendent chains
covalently attached to said copolymer backbone as
amides of the acrylic acid groups, wherein said pen-
dent chains predominantly comprise ethylene oxide
repeating units;

wherein said copolymer has a graft density between about
0.1 and about 25 mole percent;

(2) adding one or more polyelectrolytes to form a polyelec-
trolyte-copolymer mixture;

(3) optionally adding an aqueous mixture containing a
liposome which optionally comprises an additional
therapeutic agent, to form a liposome-containing poly-
electrolyte-copolymer mixture; and

(4) allowing said polyelectrolyte-copolymer mixture or
said liposome-containing polyelectrolyte-copolymer
mixture to self-assemble in the aqueous medium to form
said complex, which further forms nanoparticles.

Still another aspect of the invention is directed to a method
of treating a patient in need thereof with a polyelectrolyte
therapeutic agent comprising the steps of:

(1) formulating the complex or the nanoparticle of any of
the above with one or more pharmaceutically acceptable
carriers to provide a pharmaceutical composition; and

(2) administering said pharmaceutical composition to said
patient via oral, parenteral, enteral or topical routes in an
amount effective to treat said patient.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 presents a diagram of a delivery complex of the
invention.

FIG. 2 presents a diagram of the morphological structure of
a typical liposome-polymer carrier system of the invention
(antisense oligonucleotide; AON).

FIG. 3 presents a diagram of the various components of a
typical graft copolymer polyelectrolyte complex (cationic
antimicrobial peptide).

FIGS. 4a and 4b present results of studies on cellular
uptake and antisense activity, respectively, of DOTAP/ODN
complexes in the presence of PPAA, PPAA-g-JEFFAMINE®
or PPAA-g-PEO in CHO-d1EGFP cells 24 hours post-treat-
ment.

FIGS. 5a and 56 present results of studies on cellular
uptake and antisense activity, respectively, of DOTAP/ODN
complexes in the presence of PPAA, PPAA-g-JEFFAMINE®
or PPAA-g-PEO in U87-d1EGFP cells 24 hours post-treat-
ment.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

One aspect of the invention provides innovative graft poly-
mers designed for the efficient delivery of antisense mol-
ecules into biological cells and for maintaining the biological
activity of the antisense molecules while in serum and other
aqueous environments. Such graft polymers can comprise an
anionic graft polymer comprising an anionic polymer back-
bone, referenced herein as backbone polymer with pendent
carboxylic acid groups, and pendent chains comprising
amphipathic or hydrophilic polymers, referenced herein as
pendent chain polymers covalently bonded to a portion of
said pendent carboxylic acid groups.

Suitable backbone polymers include, but are not limited to,
polyanhydrides, poly(acrylic acids), poly(alkylacrylic acids),
anionic polysaccharides such as carboxymethylcellulose,
anionic polypeptides such as polyglutamic acid and polyas-
partic acid, and vinyl copolymers comprised of monomers
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such as alkyl acrylates, alkyl methacrylates, acrylamidometh-
ylpropane sulfonic acid (AMPS), vinyl alcohol, and vinyl
acetate, or combinations thereof. Preferably, the backbone
polymer comprises poly(alkyl acrylic acid), most preferably
poly(methacrylic acid) or poly(propylacrylic acid).

The term “hydrophilic polymer,” as used herein, means any
macromolecule (molecular weight of 200 daltons and
greater) which exhibits an affinity for or attraction to water
molecules and which comprises multiple instances of an
identical subunit (“monomer”) connected to each other in
chained and/or branched structures. The hydrophilic polymer
component can be a synthetic or naturally occurring hydro-
philic polymer.

Naturally occurring hydrophilic polymers include, but are
not limited to: polypeptides and proteins such as collagen and
derivatives thereof, fibronectin, albumins, globulins, fibrino-
gen, and fibrin, with collagen particularly preferred; carboxy-
lated polysaccharides such as polymannuronic acid and
polygalacturonic acid; aminated polysaccharides, particu-
larly the glycosaminoglycans, e.g., hyaluronic acid, chitin,
chondroitin sulfate A, B, or C, keratin sulfate, keratosulfate
and heparin; and activated polysaccharides such as dextran
and starch derivatives.

Usetul synthetic hydrophilic polymers include, but are not
limited to: poly(alkylene oxides), particularly poly(ethylene
glycol) and poly(ethylene oxide)-poly(propylene oxide)
copolymers, including block and random copolymers; poly-
ols such as glycerol, polyglycerol (in particular, highly
branched polyglycerol), propylene glycol and trimethylene
glycol substituted with one or more poly(alkylene oxides),
e.g., mono-, di- and tri-polyoxyethylated glycerol, mono- and
di-polyoxyethylated propylene glycol, and mono- and di-
polyoxyethylated trimethylene glycol; polyoxyethylated sor-
bitol, polyoxyethylated glucose; acrylic acid polymers and
analogs and copolymers thereof, such as poly(acrylic acid)
per se, poly(methacrylic acid), poly(hydroxyethylmethacry-
late), poly(hydroxyethylacrylate), poly(methylalkylsulfox-
ide methacrylate), poly(methylalkylsulfoxide acrylate) and
copolymers of any of the foregoing, and/or with additional
acrylate species such as aminoethyl acrylate and mono-2-
(acryloxy)-ethyl succinate; polymaleic acid; poly(acryla-
mides) such as polyacrylamide per se, poly(methacrylamide),
poly(dimethylacrylamide), and poly(N-isopropylacryla-
mide); poly(olefinic alcohol)s such as poly(vinyl alcohol);
poly(N-vinyl lactams) such as poly(vinyl pyrrolidone), poly
(N-vinyl caprolactam), and copolymers thereof; polyoxazo-
lines, including poly(methyloxazoline) and poly(ethyloxazo-
line; and polyvinylamines.

Preferred embodiments utilize poly(ethylene glycol)
(PEG), also known as poly(ethylene oxide) (PEO), having a
molecular weight of from about 1 kDA to about 10kDa, more
preferably from about 2 kDa to about 5 kDa, and a general
formula (II).

an

SN

The term “amphipathic polymer,” as used herein, refers to
any macromolecule (molecular weight of 200 daltons and
greater) which have both polar substructures and non-polar
substructures. The polar substructures evidence an affinity for
or attraction to other polar molecular structures such as water
(hydrophilic), while the nonpolar substructures exhibit an
affinity or attraction for nonpolar molecules such as lipids,
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6

oils, greases, fats, etc. (lipophilic). Suitable amphipathic
polymers include, but are not limited to, polyether and poly-
etherester copolymers such as poly(ethylene glycol) and poly
(butylene terephthalate) copolymers, poly(ethylene oxide)
and poly(propylene oxide) copolymers, poly(ethylene oxide)
and poly(propylene oxide) block copolymers.

The amphipathic polymers also include polyetheramines
such as those known commercially as JEFFAMINE®. These
polyetheramines contain primary amino groups attached to
the end of a polyether backbone which is typically based on
propylene oxide (PO), ethylene oxide (EO), or a mixture
thereof. The JEFFAMINE® family includes monamines,
diamines, triamines and secondary amines. JEFFAMINE® is
available from Huntsman Corporation, The Woodlands, Tex.
By way of non-limiting example, certain embodiments can
employ a JEFFAMINE® Monoamine having a molecular
weigh of about 2 kDA, PO/EO ratio of 10/31 and a general
formula (I11):

/fo\/t\foﬂy/m

wherein R is H for EO or CH; for PO.

The instant graft polymers can be synthesized by reacting
carboxylic acid groups of the backbone polymer with the end
group of the pendent chain polymers. In general, a backbone
polymer can be added to a polar aprotic solvent, such as
dimethylsulfoxide (DMSO), along with a catalyst, such as
4-(dimethylamino)pyridinium p-toluenesolfonate (DPTs) or
1-hydroxybenzotriazole (HOBt) and a pendent chain poly-
mer. The amount of graft chain polymer can be in a slight
molar excess required to achieve the desired amount of the
graft chain polymer attached to the backbone. A carboxyl
activating agent, such as 1-(3-dimethylaminopropyl)-3-
ethyl-carbodiimide (EDCI), can be added to the mixture after
stirring the mixture for a short period of time. The reaction is
then allowed to proceed and is driven to completion with
subsequent additions of the carboxyl activating agent. The
mixture can then be dialyzed against deionized water before
converting the polymer into a form suitable for storage, such
as by lyophilizing the dialyzed solution.

The term “graft density,” as used herein, refers to the aver-
age percent on a molar basis of pendent carboxyl groups on
the backbone of the graft polymer which react with the end
group of the pendent chain polymers. The graft density for
instant graft polymers is preferably between about 0.1 and
about 25 mole percent, more preferably between about 0.5
and 10 mole percent, and most preferably between about 0.5
and 5 mole percent. The amount of the graft chain polymer
can be calculated based on molar or weight percent. In some
embodiments, the instant graft polymer comprises greater
than 50 percent by weight of the pendent chain polymer. The
extent of grafting, molecular weight, molecular dimensions
and electrostatic properties of the copolymers and complexes
are characterized by nuclear magnetic resonance (NMR) and
Fourier transform infra-red (FT-IR) spectrometry, gel perme-
ation chromatography (GPC), light scattering and zeta poten-
tials.

By way of non-limiting example, a graft polymer can com-
prise a backbone comprising a poly(alkyl acrylic acid) and
one or more polyetheramine pendant chains covalently
attached to said polymer backbone via said acrylic acid

(I



US 9,271,933 B2

7

groups. The polyetheramine can predominantly comprise
ethylene oxide repeating units. Preferably, such a polymer
has a graft density between about 0.1 and about 25 mole
percent.

Another aspect of the invention provides vectors for deliv-
ery of antisense molecules into cells, tissues and organs in
vitro, ex vivo or in vivo. The term ““vector,” as used herein,
refers to a carrier into which aa therapeutic or diagnostic
agent can be inserted or to which a therapeutic or diagnostic
molecule can be attached for introduction into a cell, tissue or
organ. Instant vectors can comprise the graft polymers
described above bound to at least one cationic agent. The term
“cationic agent,” as used herein, refers to a substance suitable
for delivery of polynucleotide molecules and having a posi-
tive net charge at physiological pH. Suitable cationic agents
for delivery of polynucleotides such as antisense molecules
include, but are not limited to cationic lipids, surfactants,
liposomes, micelles, peptides, polymers, nanoparticles or
combinations thereof.

Cationic liposomes or micelles can be prepared using mix-
tures including one or more lipids containing a cationic side
group in sufficient quantity such that the liposomes or
micelles formed from the mixture possess a net positive
charge which will ionically bind negatively charged com-
pounds. Suitable lipids, as identified by the Dermatologic and
Ophthalmic Drug Advisory Committee (DODAC) of the US
FDA, include, but are not limited to N-[1-(2,3-dioleyloxy)
propyl]-N,N,N-trimethylammonium chloride (DOTMA),
dimethyldioctadecylammonium bromide (DDAB), 1,2-dio-
leoyl-3-trimethylammonium-propane chloride (DOTAP),
3pB-[N—(N',N'-dimethylaminoethane)-carbamoyl]choles-
terol hydrochloride (DC-Chol) and 1,2-dimyristyloxypropyl-
3-dimethyl-hydroxyethyl ammonium bromide (DMRIE).
Additionally, a number of commercial preparations of cat-
ionic liposomes are available which include, for example,
LIPOFECTIN® comprising DOTMA and dioleoyl phos-
phatidylethanolamine (DOPE), and LIPOFECTAMINE®
comprising 2,3-dioleyloxy-N-[2(sperminecarboxamido)
ethyl]-N,N-dimethyl-1-propanaminium trifluoroacetate
(DOSPA) and DOPE.

Cationic surfactants include, but are not limited to, quater-
nary ammonium salts, for example, didodecyldimethylam-
monium bromide (DDDAB), alkyltrimethylammonium bro-
mides such as hexadecyltrimethylammonium bromide
(HDTAB), dodecyl-trimethylammonium bromide (DT-
MAB), myristyl trimethylammonium bromide (MTMAB),
palmityl trimethylammonium bromide, N-alkylpyridinium
salts, or tertiary amines, for example, cholesteryl-3p-N-(dim-
ethyl-aminoethyl)-carbamate or mixtures thereof. Cationic
peptides can be selected from naturally occurring or recom-
binant or synthetic peptides produced by known means.
Examples of suitable cationic peptides include, but are not
limited tomagainins, polymyxins, colicins, alamethicin,
pexiganan or MSI-78, and other MSI peptides such as MSI-
843 and MSI-594, polyphemusin, human antimicrobial pep-
tide, LL-37, KSL, KSL-W, defensins and protegrins. Finally,
suitable examples of cationic polymers include, but are not
limited to, acidic gelatin, polygalactosamine, polyamino
acids such as polylysine, polyhistidine and polyornithine,
polyquaternary compounds such as poly(allylamine) and
poly(diallyldimethyl ammonium chloride) (DADMAC),
polyethylenimine (PEI), polybrene, prolamine, polyimine,
diethylaminoethyldextran (DEAE), DEAE-imine, DEAE-
methacrylate, DEAE-acrylamide, DEAE-dextran, DEAE-
cellulose, poly-p-aminostyrene, polyoxethane, copoly-
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methacrylates, polyamidoamines, cationic  starches,
polyvinylpyridine, and polythiodiethylaminomethyl-ethyl-
ene.

Alternatively or additionally, the vectors can comprise the
graft polymers in combination with organic or inorganic
nanoparticles. It is desirable to use nanoparticles that are
biocompatible and hydrophilic, and range in size between
about 10 nm and 300 nm, and more preferably between about
50 nm and 150 nm Biodegradable or resorbable nanoparticles
are preferred.

The instant delivery vectors form ternary delivery com-
plexes with polynucleotides such as antisense molecules and
plasmid DNA. The term “antisense molecule,” as used herein,
refers to ribonucleic acid (RNA) sequences, deoxyribo-
nucleic acid (DNA) sequences and their derivatives encoding
said ribonucleic acid sequences, which cause RNA interfer-
ence and/or, via other biological mechanisms, decrease or
silence expression of the target gene. The antisense molecules
are sufficiently complementary to the sequence of DNA or
mRNA encoding a target gene so as to have the proper anti-
sense or interfering property. Suitable antisense molecules
include, without limitations, antisense oligodeoxynucle-
otides, short hairpin RNAs (shRNAs), short interfering RNAs
(siRNAs), microRNAs (miRNAs), and DNA-RNA hybrids.
Oligonucleotide synthesis is well known in the art. The term
“target gene,” as used herein, refers to a gene whose expres-
sion is to be selectively inhibited or silenced through RNA
interference or related mechanism because its expression or
activity is associated with a particular disease. For example,
cancer can arise from abnormal expression or activity of a
gene associated with the inhibition or prevention of apopto-
sis, such as Bcl-2, Bel-XL, Bel-w, Mcl-1, and/or Al. Accord-
ingly, in one embodiment, the antisense molecule is a siRNA
targeted to an anti-apoptotic gene.

These complexes can be self-assembled from their indi-
vidual components through electrostatic interactions. Gener-
ally, aqueous solutions of the cationic agent for delivery of
antisense molecules and the antisense molecule can be incu-
bated at room temperature for about 30 minutes, before add-
ing the instant graft polymer to produce the desired charge
ratio of the complex. The term “charge ratio,” as used herein,
refers to a ratio of the moles of amine groups of the cationic
agent to the number of moles of phosphate groups of the
antisense molecule, carboxylic groups of the graft polymer,
or a sum thereof. Preferably, the absolute value of the charge
ratio of the cationic to anionic components of the complexes
disclosed herein is between about 0.1 and about 10, more
preferably between about 0.5 and about 2, and most prefer-
ably about 1.

In one embodiment of the present invention, the nanopar-
ticle (liposome) self-assembles without the anionic polymer
(in the presence or absence of polynucleotide such as anti-
sense oligonucleotide or siRNA). To this established nano-
structure, polynucleotides are first incorporated physically,
and then graft copolymer is adsorbed. The purpose of the
anionic polymer is not just to stabilize the nanostructure, but
primarily is to endow the nanostructure with the necessary
attributes to overcome nucleic acid delivery barriers.

One embodiment is directed to a stable and biocompatible
delivery vector comprising an anionic graft polymer compris-
ing an anionic polymer backbone with pendent carboxylic
acid groups and pendent chains of amphipathic or hydrophilic
moieties covalently bonded to a portion of the pendent car-
boxylic acid groups, wherein (a) the anionic graft polymer is
physically bound to a complex comprising at least one cat-
ionic agent physically bound to at least one anionic antisense
molecule, (b) the absolute value of the positive-to-negative
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(+/-) charge ratio of the delivery vector ranges from about
0.25 to about 4.7 between the anionic graft polymer and the
complex of the cationic agent and the antisense molecule, (c)
the molecular weights of the covalently bonded amphipathic
or hydrophilic moieties are between about 200 Daltons and
about 5,000 Daltons, and (d) the anionic polymer has a graft
density between about 5 and about 25 mole percent.

The graft density affects the anionic charge density of the
anionic graft polymer, as each covalently bound grafted car-
boxylic acid group reduces by one the number of anionic
carboxylic acid charges in the polymer backbone. The result-
ant charge density of the graft copolymer is important to
forming the complex with the cationic agent and antisense
molecule through electrostatic interactions. The solution sta-
bility of the resultant delivery vector is dependent upon its net
electrostatic charge (the greater the net charge, the more
soluble the delivery vector will be in physiological solutions,
all other parameters being equal).

The graft density of the anionic graft copolymer also con-
trols the biological response to the delivery vector in a manner
which is entirely surprising and unanticipated by any other
reported study. Without wishing to be bound by any theory, it
is believed that the graft density controls the interaction with
the amphiphilic bilayers of eukaryotic cell membranes and
thereby controls the efficacy of intracellular delivery of the
antisense molecules. Thus, the degree of membrane penetra-
tion, as measured by a calcein dye leakage assay, decreases
with increasing graft density, due to steric interaction
between the copolymer and the membrane (see, for example,
Mishra et al., Acc. Chem. Res., 45:1057-1066 (2012). There
are profound and surprising effects of pH on the interaction of
the anionic graft copolymers with cell membranes that are
dependent on the graft chemistry and the graft density, and, in
the absence of any grafting the anionic polymer produces
adverse cytotoxic membrane interactions including signifi-
cant red cell lysis that is entirely inhibited by the graft copoly-
mers.

An important aspect of the invention is exploiting such
dependencies for effective intracellular delivery (endosomal
escape) of polynucleotides without associated cytotoxicity.
There is also a profound and surprising effect of graft density
on the efficacy of delivery of the polynucleotide molecules.
The grafted chains provide protection of the polynucleotide
molecule within the delivery vector from hydrolytic biodeg-
radation by providing a corona around the outer surface of the
delivery vector that inhibits its binding to serum protein
enzymes. The chains must be covalently grafted to the anionic
polymer in order for this effect to be sustained under physi-
ological conditions, as ungrafted chains rapidly solubilize
and dissociate from the delivery vector.

FIG. 1 presents an example of the instant delivery complex
(10) comprising a cationic agent (12), graft polymers (14),
and polynucleotides (16). Each graft polymer (14) comprises
a backbone polymer (18) and pendant chain polymer (20).
Despite the overall charge neutrality of the complex, the
instant graft polymers do not induce aggregate formations.
Thus, the instant delivery complexes form stable particles in
various buffer solutions with particle sizes ranging from
about 25 to about 300 nm. Furthermore, addition of instant
graft polymers preferably does not alter the binding ability of
the cationic agents for the polynucleotide molecules.

Yet another aspect provides pharmaceutical compositions
comprising delivery vectors bound to polynucleotide mol-
ecules, as described above, and one or more pharmaceutically
acceptable carriers. The term “pharmaceutically acceptable
carrier,” as used herein, refers to a non-toxic, inert solid,
semi-solid or liquid filler, diluent, encapsulating material or
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formulation auxiliary of any type. Many different pharma-
ceutically acceptable carriers are well known in the pharma-
ceutical arts. Some examples of pharmaceutically acceptable
carriers include, but are not limited to, sugars, such as lactose,
glucose and sucrose; starches such as corn starch and potato
starch; cellulose and its derivatives such as sodium car-
boxymethyl cellulose, ethyl cellulose and cellulose acetate;
powdered tragacanth; malt; gelatin; talc; excipients such as
cocoa butter and suppository waxes; oils such as peanut oil,
cottonseed oil, safflower oil, sesame oil, olive oil, corn oil and
soybean oil; glycols, such as propylene glycol; polyols such
as glycerin, sorbitol, mannitol and polyethylene glycol; esters
such as ethyl oleate and ethyl laurate; agar; buffering agents
such as magnesium hydroxide and aluminum hydroxide; alg-
inic acid; pyrogen-free water; isotonic saline; Ringer’s solu-
tion; ethyl alcohol and phosphate buffer solutions, as well as
other non-toxic compatible substances used in pharmaceuti-
cal formulations.

Inaddition, the instant compositions can include excipients
such as solvents, binders, fillers, disintegrants, lubricants,
suspending agents, surfactants, viscosity increasing agents,
buffering agents, antimicrobial agents, adjuvants such as
alum, among others. Acceptable excipients and methods for
making various compositions are well known in the pharma-
ceutical arts.

The compositions can be prepared in a solid or liquid form
for oral, parenteral, enteral or topical administration. Suitable
examples of solid formulations include, but are not limited to,
tablets, pills, lozenges, dragees, powders, granules, capsules,
etc. Solid formulations can include an optional pharmaceuti-
cally acceptable carrier. Suitable examples of liquid formu-
lations include, but are not limited to, solutions, dispersions,
emulsions, gels, hydrogels, pastes, creams, aerosols, sprays,
syrups, slurries, suspensions, and so forth. Liquid formula-
tions can be employed as fillers in soft or hard capsules and
typically comprise a carrier, for example, water, ethanol,
polyethylene glycol, propylene glycol, methylcellulose, or a
suitable oil, and one or more emulsifying agents and/or sus-
pending agents. Liquid formulations can also be prepared by
the reconstitution of a solid, for example, from a sachet.

Instant compositions can be delivered by rapid release
systems, modified release systems, or systems which can
provide a part of the dose by modified release and the rest by
rapid release. Various approaches are known and used in the
art to prepare immediate release systems or modified release
systems. Many of these methods are well known in the phar-
maceutical arts. Examples of immediate release systems
include, but are not limited to, conventional tablets or cap-
sules, or solutions. Examples of modified release systems
include, but are not limited to, coated pellets, tablets or cap-
sules; multiple unit or multiparticulate systems in the form of
microparticles or nanoparticles, microspheres or pellets com-
prising the active agent; formulations comprising dispersions
or solid solutions of active compound in a matrix, which can
be in the form of a wax, gum, fat, or polymer; devices, in
which drug is attached to an ion exchange resin, which pro-
vides for gradual release of drug by way of influence of other
ions present in the gastrointestinal tract, for example, the acid
environment of the stomach; devices, such as osmotic pumps,
in which release rate of drug is controlled by way of its
chemical potential; systems in which drug is released by
diffusion through membranes, including multilayer systems,
nebulizers, and so forth.

In preferred embodiments, the instant compositions are
prepared for parenteral administration. Parenteral adminis-
tration is generally characterized by a subcutaneous, intra-
muscular, inhalation or intravenous injection. Compositions
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of instants delivery complexes for parenteral administration
can be prepared as liquid solutions or suspensions, solid
forms suitable for solution or suspension in liquid prior to
injection, or as emulsions.

Another aspect of the invention is directed to methods for
treating a subject who is affected by a disease or at risk of
developing a disease that can be treated by inhibiting or
silencing a target gene, i.e, a gene associated with the disease.
Such methods comprise administering to a patient a therapeu-
tically effective amount of a composition comprising one or
more delivery vectors, as described above, bound to one or
more polynucleotide molecules designed to interfere with the
target gene. Diseases that can be treated by the instant meth-
ods include, but are not limited to, cancer, hetertopic ossifi-
cation, neurological diseases, genetic disorders and chronic
wounds such as diabetic ulcers. Without limiting the range
that may be required for a particular therapeutic application,
the dose of siRNA can be between about 0.1 to about 25
mg/kg, preferably about 0.1 to about 10 mg/kg, more prefer-
ably between about 0.1 to about 1 mg/kg.

The terms “silence,” “decrease the expression of” and
“inhibit the expression of”, in as far as they refer to a target
gene, herein refer to the at least partial suppression of the
expression of the target gene, as manifested by a reduction of
the amount of mRNA transcribed from the target gene and/or
a reduction in the amount of protein encoded by the target
gene, which can be isolated from a first cell or group of cells
in which the target gene is transcribed and which has or have
been treated such that the expression of the target gene is
inhibited, as compared to a second cell or group of cells
substantially identical to the first cell or group of cells but
which has or have not been so treated (control cells). Alter-
natively, the degree of silencing, decreasing or inhibiting can
be given in terms of a reduction of a parameter that is func-
tionally linked to target gene transcription, e.g. the extent of
mineralization by osteogenic cells, or the number of cells
displaying a certain phenotype, e.g. apoptosis.

The term “therapeutically effective amount” means a quan-
tity of the active agent which, when administered to a patient,
is sufficient to result in an improvement in the patient’s con-
dition. The improvement does not mean a cure and may
include only a marginal change in patient’s condition. It also
includes an amount of the active agent that prevents the con-
dition or stops or delays its progression. The term “treating”
or “treatment” refers to executing a protocol, which can
include administering one or more drugs to a patient (human
or otherwise), in an effort to alleviate signs or symptoms of
the disease. Alleviation can occur prior to signs or symptoms
of disease appearing, as well as after their appearance. Thus,
“treating” or “treatment” includes “preventing” or “preven-
tion” of the disease. In addition, “treating” or “treatment”
does not require complete alleviation of signs or symptoms,
does not require a cure, and specifically includes protocols
which have only a marginal effect on the patient.

In one specific embodiment, methods are provided for
silencing oncogenic expression in cancer cells. This can be
achieved by administering to a patient who is affected or at
risk of developing cancer a therapeutically effective amount
of a composition comprising one or more polynucleotide
molecules designed to silence oncogenic expression in cancer
cells in conjunction with instant delivery vectors. The anti-
sense molecules can target a single gene or multiple genes
associated with cancer.

In some embodiments, the antisense can comprise a siRNA
targeted to an anti-apoptotic gene, such as Bcl-2, Bel-XL,
Bel-w, Mcl-1, and/or Al. Additional examples of genes
which can be targeted include, without limitation, an onco-
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gene; genes of proteins that are involved in metastasizing
and/or invasive processes; genes of proteases as well as of
molecules that regulate apoptosis and the cell cycle; genes
that express the EGF receptor; genes that express the bone
morphogenetic proteins (BMPs) or their downstream effec-
tors; and the multi-drug resistance 1 gene, MDR1 gene.

A further aspect of the invention is directed to a graft
copolymer polyelectrolyte complex comprising:

(1) an anionic graft copolymer comprising:

(1) abackbone comprising a poly(alkyl acrylic acid); and

(i) one or more polyetheramine pendent chains
covalently attached to said copolymer backbone as
amides of the acrylic acid groups, wherein said pen-
dent chains predominantly comprise ethylene oxide
repeating units;

wherein said copolymer has a graft density between about

0.1 and about 25 mole percent;

(2) one or more anionic, cationic or polyelectrolyte thera-

peutic agents; and

(3) optionally, an additional therapeutic agent which is

optionally a liposome comprising an additional thera-

peutic agent;
wherein when said therapeutic agent comprises an anionic
polynucleotide molecule, a liposome comprising said addi-
tional therapeutic agent is also present. Preferably the copoly-
mer backbone comprises poly(propylacrylic acid) or poly
(methacrylic acid). Preferably the copolymer has a graft
density between about 0.1 and about 25 mole percent. Many
drug molecules can potentially be co-delivered with the com-
plex, including anticancer drugs, antimicrobials, anti-inflam-
matory agents, analgesics, imaging agents such as fluorescent
dyes and quantum dots.

The pendent chains of the graft copolymer polyelectrolyte
complex can further comprise one or more ligands that target
a specific cell, tissue or surface such as solid tumors or micro-
bial biofilms. Without limitation, ligands may target in ani-
mals or humans tumor cells, tumor associated fibroblasts or
macrophages, stem or progenitor cells, bone cells, muscle
cells, liver cells, and immune cells. Alternatively, ligands may
target features from microbial populations. In one preferred
embodiment the ligands comprise phosphonates and target
bone tissue.

A “polyelectrolyte” is a macromolecular species that upon
being placed in water, or any other ionizing solvent, dissoci-
ates into a highly charged polymeric molecule. Such disso-
ciation is typically accompanied by smaller oppositely
charged counter ions that tend to neutralize the charge on the
repeating units of the macromolecule, thereby preserving
electroneutrality.

The anionic, cationic or polyelectrolyte therapeutic agent
can be selected from the group consisting of cationic pep-
tides, peptide nucleic acids, aminoglycoside antibiotics, gly-
copeptide antibiotics, lipopeptide antibiotics, aminoamide
local anesthetics, aminoester local anesthetics, oligonucle-
otides, nucleic acids, plasmid DNA-encoding genes, and
ribozymes. Preferably, the aminoglycoside antiobiotic is
selected from the group consisting of neomycin, gentamicin
and tobramycin. Preferably, the glycopeptide antibiotic is
selected from the group consisting of vancomycin and tela-
vancin. Preferably, the lipopeptide antibiotic is daptomicin.
Preferably, the aminoamide local anesthetics and aminoester
local anesthetics are selected from the group consisting of
mepivacaine, lidocaine, bupivacaine, benzocaine and
procaine.

Preferably, the additional therapeutic agent is selected
from the group consisting of small molecule therapeutic
agents, anti-tumor agents, imaging agents, fluorescent dyes



US 9,271,933 B2

13

and quantum dots. Preferably, the small molecule therapeutic
agents are selected from the group consisting of anticancer
agents, wound healing agents, tissue regeneration agents,
other antibiotic agents, and pain control agents.

In one embodiment of the invention, therapeutic agent
comprises a cationic peptide. Particularly preferred cationic
peptides are selected from the group consisting of KSL-W,
colistin and polymyxin B. These polycationic therapeutic
agents are stabilized toward biological degradation in vivo by
incorporation into stable complexes with the inventive
anionic graft copolymers. These complexes can comprise
binary complexes of the anionic graft copolymers with cat-
ionic peptides, or they can comprise ternary complexes of
anionic graft copolymers, liposomes (cationic, anionic or
neutral) and cationic peptides. The binary or ternary com-
plexes of the anionic graft copolymers, cationic peptides and
optionally liposomes are prepared by self-assembly in aque-
ous media. The cationic peptides are selected for therapeutic
activity such as the treatment of infections in burns and
wounds or for cancer chemotherapy. The anionic graft
copolymers are specifically comprised of poly(alkyl acrylate)
“backbones” to which are covalently attached pendent
“chains” of polyetheramines and poly(alkylene oxides).
Optionally, the pendent chains contain end-group ligands that
are designed to target specific biological cells, tissues or
surfaces, including microbial biofilms and planktonic
microbes. Examples of the poly(alkyl acrylate) include poly
(acrylic acid), poly(methacrylic acid), poly(ethylacrylic acid)
and poly(propylacrylic acid). Examples of the pendent poly-
etheramines include JEFFAMINE® products from Hunts-
man Corporation, which are typically monoamines at the end
of'a polymer of ethylene oxide (EO), propylene oxide (PO) or
a mixture of EO and PO. Examples of the pendent poly
(alkylene oxides) are polymers of EO, PO, butylene oxide
(BO) and mixtures of these. The liposomes are comprised of
lipids such as cholesterol and other neutral, anionic or cat-
ionic lipids, e.g., 1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-
myoinositol) (DPPI). The anionic surface charge on the
liposomes is useful in electrostatically binding the cationic
peptides. The binary and ternary complexes can be formu-
lated to provide a wide range of cationic peptide dosages
useful for achieving therapeutic activity.

Peptide-based therapeutics promise to revolutionize treat-
ment for multi-drug resistant microbial infections, cancer and
other diseases, but peptide susceptibility to enzymatic
hydrolysis in vivo has limited their clinical use. For example,
a number of cationic peptides such as polymyxin B and
KSL-W are known to have antimicrobial properties, but
degrade within a few hours in vivo. For clinical translation, an
effective delivery vehicle for these peptides is required that is
structurally and synthetically simple and forms uniform,
soluble complexes with a variety of peptide drugs to protect
them from degradation and enhance their biological activity.
Graft copolymers with synthetically tunable chemical prop-
erties have the potential to fulfill these requirements. The
present invention provides for anionic graft copolymers with
optional liposome components that complex the cationic pep-
tides and thereby inhibit biodegradation of the cationic pep-
tides. Although not wishing to be bound by any theory, it is
believed that binding to the anionic graft copolymers protects
the cationic peptides from the activity of the reticuloendot-
helial system at least in part through “stealth” steric hindrance
properties imparted by the pendent polyetheramine chains.
This solves the problem of in vivo delivery of therapeutic
cationic peptides, which are otherwise too rapidly biode-
graded to allow for effective drug activity.
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The binary and ternary complexes of the invention further
provide controlled release of the therapeutic agents, for
example a cationic peptide, by providing for controlled
release rates of the peptides such that sufficient dosage levels
can be achieved and maintained over time as required for
therapeutic activity. The binary and ternary complexes are
ableto penetrate biofilms to deliver the therapeutic agents, for
example an antimicrobial peptide, and thereby eradicate the
biofilms. The binary and ternary complexes also enter
eukaryotic cells to deliver the therapeutic agents, e.g., to treat
intracellular bacterial infections, or cancer.

Another aspect of the present invention is directed to a
functional nanoparticle comprising the above graft copoly-
mer polyelectrolyte complex, where the nanoparticle pro-
vides in vivo delivery of the anionic, cationic or polyelectro-
lyte therapeutic agent. The side chains of the graft copolymer
have been found to promote self-assembly into nanoparticles
in aqueous solutions, and to influence the critical aggregation
concentrations.

Nanoparticle surface charges and size distributions for
polyelectrolyte complexes of the graft copolymers with cat-
ionic peptides polymyxin B and KSL-W, as well as the cat-
ionic antibiotic gentamicin, are found to be dependent upon
the component cationic:anionic charge ratios. The effects of
graft density and charge ratio on the degradation rates of the
peptide-graft copolymer complexes can be assessed using
HPLC analysis. We have now discovered that copolymer
complexation retains drug activity and in some cases may
enhance it.

Yet another aspect of the invention is directed to a method
of'preparing a graft copolymer-polyelectrolyte complex com-
prising the steps of:

(1) providing an aqueous mixture of an anionic graft

copolymer comprising:

(1) abackbone comprising a poly(alkyl acrylic acid); and

(i) one or more polyetheramine pendant chains
covalently attached to said copolymer backbone as
amides of the acrylic acid groups, wherein said pen-
dant chains predominantly comprise ethylene oxide
repeating units;

wherein said copolymer has a graft density between about
0.1 and about 25 mole percent;

(2) adding one or more polyelectrolytes to form a polyelec-
trolyte-copolymer mixture;

(3) optionally adding an aqueous mixture containing an
additional therapeutic agent which is optionally a lipo-
some which comprises an additional therapeutic agent,
to form a liposome-containing polyelectrolyte-copoly-
mer mixture; and

(4) allowing said polyelectrolyte-copolymer mixture or
said liposome-containing polyelectrolyte-copolymer
mixture to self-assemble in the aqueous medium to form
said complex, which further forms nanoparticles.

Still another aspect of the invention is directed to a method
of treating a patient in need thereof with a polyelectrolyte
therapeutic agent comprising the steps of:

(1) formulating the complex or the nanoparticle of any of
the above with one or more pharmaceutically acceptable
carriers to provide a pharmaceutical composition; and

(2) administering said pharmaceutical composition to said
patient in an amount effective to treat said patient.

Preferably, the therapeutic agent is selected from the group
consisting of antibacterial agents, anticancer agents, wound
treatment agents and tissue regeneration agents. The admin-
istration can be via oral, parenteral, enteral or topical delivery.
Preferably, the pharmaceutical composition is selected from
the group consisting of injectable aqueous solutions, inject-
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able aqueous dispersions, aerosols, coatings, hydrogels, topi-
cal creams, topical ointments, and wound treatment compo-
sitions.

In another aspect of the present invention, it is also possible
to co-deliver multiple agents at the same time using this
technology. For example, the co-delivery of antisense oligo-
nucleotides along with the chemotherapeutic drug, doxoru-
bicin, has been demonstrated, with indications that internal-
ization of both species occurs in breast cancer cells. Thus, any
of the above graft copolymer-drug complexes can be deliv-
ered by any of the various above routes, alone or in mixtures,
so that multiple targets (for example, pain, infection, and
wound healing) can be simultaneously addressed. Also,
theranostic approaches, where an imaging agent and thera-
peutic compound are co-delivered to assure that the drug is
reaching its target and to monitor the response to treatment,
are possible. Many applications exist in the treatment of can-
cer, cardiovascular and other diseases, where imaging of the
disease can help treatment in multiple ways.

EXAMPLES
Example 1

Graft Copolymers with Poly(Propylacrylic Acid)
Backbone for Antisense Delivery

Materials. Poly(a-propylacrylic acid) and poly(acrylic
acid) were purchased from Polymer Source. Poly(ethylene
glycol)monomethyl ether MW=2000 was purchased from
Aldrich. Poly(ethylene glycol)monomethyl ether MW=5000
was purchased from Fluka. 1-(3-dimethylaminopropyl)-3-
ethyl-carbodiimide (EDCI) was purchased from Kawaguchi
Chemical Industry Co., Ltd. Tokyo, JAPAN. 4-(dimethy-
lamino)pyridinium 4-toluenesulfonate (DPTs) was synthe-
sized following literature procedures. 1-hydroxybenzotriaz-
ole (HOBt) was purchased from Aldrich. All reagents were
used as received.

1.1 Synthesis of poly(acrylic acid)-graft-5% poly(ethylene
glycol)monomethyl ether copolymer.

One possible reaction for synthesizing this polymer is pre-
sented in the scheme below.
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Poly(acrylic acid) (PAA) (0.1 g, 1.38 mmol repeat units),
poly(ethylene glycol)monomethyl ether (mPEG2000)

(MW=2000, 140 mg, 70 pumol), 4-(dimethyl-amino)pyri-
dinium 4-toluenesulfonate (DPTs) (30 mg, 102 pmol), and 5
ml, dimethylsulfoxide were charged into a 10 ml. round
bottom flask with a magnetic stir bar. The mixture was stirred
for 30 min until the reagents dissolved. Next, 1-(3-dimethy-
laminopropyl)-3-ethyl-carbodiimide (EDCI) (133 mg, 694
umol) was charged into the reaction. The reaction was stirred
for 3 weeks, 2 days at room temperature. EDCI (100 mg, 522
umol) was added on days 4, 9, and 11. The reaction was
transferred to a Slide-A-Lyzer cassette with 10,000 molecular
weight cut-off (MWCO) and dialyzed against deionized
water for 3 weeks, exchanging water 2-3 times per day except
on weekends (6 days) to remove urea side product, DPTs
catalyst, and any unreacted mPEG2000. The dialyzed solu-
tion was transferred to a 15 mL centrifuge tube, frozen on dry
ice, and lyophilized for 1 week. (Yield: 33%) 'H NMR
(DMSO-dy) d 1.07 (s),2.28 (br, CH), 3.23 (s, OCHy,), 3.32 (1),
3.53 (s, —OCH,CH,0—), 3.67 (1), 3.99 (s), 4.18 (s, C(O)
OCH,CH,OPEG), 4.65 (s), 4.68 (br).
1.2 Synthesis of poly(a-propylacrylic acid)-graft-1% poly
(ethylene glycol)monomethyl ether copolymer.

One possible reaction for synthesizing this polymer is pre-

sented the scheme below.

0 0
HO 0
20\
\én
AN

DPTs/EDCI
mPEGOH

B ——

HO



US 9,271,933 B2

17

Poly(a-propylacrylic acid) (PPAA) (0.2 g, 174 mmol
repeat units), poly(ethylene glycol)monomethyl ether
(mPEG2000) (MW=2000, 36 mg, 18 pmol), 4-(dimethy-
lamino)pyridinium 4-toluenesulfonate (DPTs) (11 mg, 37
umol), and 5 mL dimethylsulfoxide were charged into a 10
ml round bottom flask with a magnetic stir bar. The mixture
was stirred for 30 min until the reagents dissolved. Next,
1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide ~ (EDCI)
(41 mg, 214 umol) was charged into the reaction. The reaction
was stirred for 3 weeks, 2 days at room temperature. EDCI
(100 mg, 522 pmol) was added on days 4, 9, and 11. The
reaction was transferred to a Slide-A-Lyzer cassette with
10,000 MWCO and dialyzed against deionized water for 3
weeks, exchanging water 2-3 times per day except on week-
ends (6 days) to remove urea side product, DPTs catalyst, and
any unreacted mPEG2000. The dialyzed solution was trans-
ferred to a 15 mL centrifuge tube, frozen on dry ice, and
Iyophilized for 1 week. (Yield: 22%) 'H NMR (DMSO-d) &
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1.4 Synthesis of Additional Copolymers.

Slight modifications the synthetic procedures recited in
Examples above can be used to generate an array of copoly-
mers as described herein and summarized in Table 1 below.

Graft copolymers can be prepared with mPEG 5000 in
similar fashion as those prepared with mPEG 2000 per the
protocol recited above (i.e., in Synthesis of PPAA-1 mol %
mPEG 2000) with the following modifications. Preparation
of copolymers with mPEG 5000 required the addition of
methylene chloride to become a homogeneous solution. At
the end of the reaction, prior to dialysis, the reaction was
concentrated by rotary evaporation to remove methylene
chloride. The reaction was stirred at room temperature for 2
weeks, 6 days and dialyzed with three media exchanges per
day for 10 days except on the weekend (2 days). Samples
were lyophilized for 4 days.

TABLE 1

Summary of Reaction Specifics for Graft Copolymer Synthesis.

PPAA Graft DPTs HOBt EDCI EDCI Solvent
(g Graft (® ® (g  (initial) (g) (aliquotsize) (g)  (mL)
0.199  mPEG2000 0.0358  0.0109 — 0.041 0.1 5
0.1983 mPEG2000 0.168 0.0388 — 0.167 0.17 5
0.2009 mPEG2000 0.3513  0.081 — 0.33 0.33 5
0.2018 mPEG2000 0.88 0.202 — 0.83 0.82 5
0.2018 mPEGS5000 0.0865 0.0116 — 0.1 0.1 5+1.5
0.2015 mPEGS5000 04346 0.0421 — 0.16 0.2 5425
0.203  mPEGS5000 0.869 0.0819 — 0.33 0.4 8+5
0.203  mPEGS5000 2.181 0.215 — 0.83 0.4 8+8
0.2006 mlJeff2000 0.035 — 0.0075 0.033 0.1 5
0.1901 mlJeff2000 0.17 — 0.013 0.167 0.17 5
0.2001 mlJeff2000 0.35 — 0.03 0.33 0.33 5
0.1994 mJeff2000 0.88 — 0.0758 0.83 0.82 5

0.80 (s, CH,), 0.95-2.0 (m, br, CH,(PPAA), 2.10 (br), 2.17
(br),2.29(br),2.35,2.41,2.64,2.77,2.9-3.3 (br), 3.2 (OCH,),
3.29 (1), 3.47 (s, —OCH,CH,0—), 3.65 (t), 4.10 (br, C(O)
OCH,CH,OPEG), 4.6-4.8 (br), 4.9-5.2 (br), 7.05 (br), 8.45
(br).

1.3 Synthesis of poly(a-propylacrylic acid)-graft-1% JEF-
FAMINE® monomethyl ether copolymer.

One possible reaction scheme for synthesizing this poly-
mer is presented above. Poly(a-propylacrylic acid) (PPAA)
(0.2 g, 174 mmol repeat units), JEFFAMINE® monomethyl
ether (MJEFFAMINE®2000) (MW=2000, 35 mg, 18 umol),
1-hydroxybenzotriazole (HOBY) (7.5 mg, 56 pmol), and 5 mL
dimethylsulfoxide were charged into a 10 mL round bottom
flask with a magnetic stir bar. The mixture was stirred for 30
min until the reagents dissolved. Next, 1-(3-dimethylamino-
propyl)-3-ethyl-carbodiimide (EDCI) (33 mg, 172 pmol) was
charged into the reaction. The reaction was stirred for 3
weeks, 2 days at room temperature. EDCI (100 mg, 522
umol) was added on days 4, 9, 11. The reaction was trans-
ferred to a Slide-A-Lyzer cassette with 10,000 MWCO and
dialyzed against deionized water for 3 weeks, exchanging
water 2-3 times per day except on weekends (6 days) to
remove urea side product and any unreacted mJEFFAM-
INE®. The dialysis medium used on days 11 and 12 was 0.5
M NaHCOs;, in order to remove HOBt, the catalyst. The
dialyzed solution was transferred to a 15 mL centrifuge tube,
frozen on dry ice, and lyophilized for 1 week. (Yield: 9%) 'H
NMR (DMSO-dy) 8 0.82 (s, CH,), 1.0-2.0 (br, CH,), 2.10,
2.17, 2.2-3.0 (br), 2.9-3.0 (br), 3.2 (OCH,), 3.24-3.42 (m,
CH+CH, (PPO), 3.47 (s, —OCH,CH,0—), 3.50,3.51,3.52,
3.65(1),4.6-4.8 (br), 5.0-5.3 (br), 5.50 (s), 7.08 (d), 7.45-7.60
(br), 7.66 (C(O)NH).
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Graft copolymers were synthesized with 5 mol %
mPEG2000 or mJEFFAMINE®2000 in similar fashion as
those prepared with 1 mol % of the pendent chains per the
respective protocols recited above (i.e., in Synthesis of
PPAA-1 mol % mPEG 2000 and Synthesis of PPAA-1 mol %
mJEFFAMINE® 2000) with the following modifications.
Preparation of copolymers with 5 mol % mPEG2000 or
mJEFFAMINE® 2000 required stiffing at room temperature
for 11 days, with only one portion of EDCI (170 mg) being
added after 4 days, and also a final concentration of the
preparation in a vacuum oven at 40° C. overnight. The prod-
ucts were redissolved in water for dialysis.

1.5 Polymer Characterization.

NMR spectroscopy was performed on a Varian 400 MHz
spectrometer. For 'H NMR spectra, d1=1s with 32-88 scans
was used and ca. 10 mg of sample was dissolved in 0.75-1 mL
DMSO-d,. Graft copolymers with mPEGS5000 were prepared
in CDCIl;. Molecular weights of the polymers were deter-
mined by GPC using Viscotek GPC max VE2001 GPC sol-
vent/sample module, two ViscoGEL™ Columns, and a Vis-
cotek TDA 303 triple detector array. The triple detection
consists of a right angle light scattering detector, a differential
viscometer, and a differential refractometer that was pur-
chased from Viscotek Corporation (Houston, Tex., USA).
The mobile phase used was DMF with 0.1% TFA at 1.0 mL.
min~' Polymer sample solutions (5 mg mL™, accuracy to
0.001 mg) were filtered through 0.45 um nylon syringe filters
prior to injection. The temperature for the SEC column set
and the detector chamber was set at 35° C. Data acquisition
and calculation were performed using Viscotek’s OmniSEC
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software, version 4.1. Conventional GPC was used to deter-
mine the molecular weights and polydispersity of each of the

20
TABLE 3-continued

polymers and to monitor the reaction on a Waters 510 HPLC Summary of Solubility Data
equipped with a Waters 410 Differential Refractometer, a 5 PEG 2K o No
um PL gel precolumn, and two PL gel columns (pore size 5 PPAA
10°-10° Angstroms), which was calibrated with polystyrene PEG 5K- 1 No
standards using DMF containing 0.1% trifluoroacetic acid at PPAA
0.8 mL min~" as the mobile phase. PEG 5K- 5 No
Percent grafting was calculated by integration of methyl- PEPPGA;; o y
ene protons of the ester group (C(O)OCH,CH,PEGOCH;) 10 PPAA e
relative to the methyl protons of PPAA. The Mark-Houwink PEG 5K- 25 Yes
parameters were obtained from the Viscotek GPC based on a PPAA
fit of the data of log intrinsic viscosity vs. log MW. Charac-
terization data are presented in Table 2 below.
TABLE 2
Summary of graft polymer characterization data.
Experimental Expected
Target Graft Yield
Graft  Density (1H Mark- (100%
Density NMR) Houwink Mark- Mw Quantity  recovery)
Target Polymer (mol %) (mol %) log K Houwinka  (kg/mol) PDI (mg) (mg)
poly (propylacrylic acid) -5.734 1.28 7 14
poly (propylacrylic acid)-g- 1 4 -3.479 0.594 73 14 50 230
1 mol % PEG2000
poly (propylacrylic acid)-g- 5 6 -3.215 0.517 60 1.6 50 370
5 mol % PEG2000
poly (propylacrylic acid)-g- 10 9 -3.29 0.545 94 14 50 550
10 mol % PEG2000
poly (propylacrylic acid)-g- 25 12 -2.56 0.362 85 1.8 20 1080
25 mol % PEG2000
poly (propylacrylic acid)-g- 1 5 51 14 250 286
1 mol % PEG5000
poly (propylacrylic acid)-g- 5 20 55 14 220 634
5 mol % PEG5000
poly (propylacrylic acid)-g- 10 21 57 14 320 1000
10 mol % PEG5000
poly (propylacrylic acid)-g- 25 35 55 1.5 700 2380
25 mol % PEG5000
poly (propylacrylic acid)-g- 1 10 -3.533 0.644 69 14 20 235
1 mol % JEFFAMINE ® 2000
poly (propylacrylic acid)-g- 5 26 43 1.9 30 370
5 mol % JEFFAMINE ® 2000
poly (propylacrylic acid)-g- 10 25 -3.841 0.627 58 1.9 60 550
10 mol % JEFFAMINE ® 2000
poly (propylacrylic acid)-g- 25 38 -3.073 0.478 71 2.1 200 1080
25 mol % JEFFAMINE ® 2000
poly (acrylic acid) -2.775 0.503 104 1.2
poly (acrylic acid)-g- 5 3 -2.624 0.472 416 1.2 50 250
5 mol % PEG2000
1.6 Graft Polymer Solubility Studies: TABLE 3-continued
The PPAA copqurpers of the present invention were sg Summary of Solubility Dats
assessed for solubility in 10% by volume 1N NaOH (pH 14)
or 90% by volume of pH 7.4 phosphate buffer. Results are % Solubility in NaOH & Phosphate buffer
shown in Table 3 below Molecular grafting (pH 12:pH 14:pH 7.4 = 2:1:3.67)
. Weight density net pH of solution: 12.5
TABLE 3 55 JEFFAMINE ® 1 Yes
2K-PPAA
Summary of Solubility Data JEFFAMINE ® 5 Yes
2K-PPAA
% Solubility in Phosphate buffer (pH 7.4) JEFFAMINE ® 10 Yes
Molecular grafting (Did not solubilize in NaOH formulation 2K-PPAA
Weight density since ester bonds break, yielding PEG + PPAA) 60 JEFFAMINE ® 25 No
2K-PPAA
PEG 2K- 1 No
PPAA . .
PEG 7K. 5 No 1.7 Graft Polymer Complexation Studies:
PPAA PPAA-JEFFAMINE® copolymers of various percent
PEG 2K- 10 No 65 grafting density according to the present invention were used
PPAA to prepare complexes of 1,2-Dioleoyl-3-Triethylammonium

Propane (DOTAP)/PPAA-JEFFAMINE®/Oligodeoxynucle-
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otide (ODN). Addition of PPAA-JEFFAMINE® 2000 10 mol
% copolymers to DOTAP/ODN complexes caused higher
release of ODN compared to addition of PPAA polymer
alone. As shown in FIG. 45, addition of PPAA-JEFFAM-
INE® 2000 5 mol % copolymers to DOTAP/ODN complexes
caused higher release of ODN compared to addition of
PPAA-JEFFAMINE® 2000 1 mol % copolymer.
1.8 Graft Polymer Uptake and Delivery Studies:

A therapeutic delivery system comprising instant graft
copolymers was assessed using Chinese Hamster Ovary
(CHO) cells stably expressing Green Fluorescent Protein
(GFP). PS ODN 157, an anti-GFP target sequence with a
phosphorothioate backbone, was administered in a transfec-
tion system of serum-containing media (8% FBS). Uptake
(a.fu.) data was indicative of the levels of fluorescently
tagged PS ODN inside the cells, while % Fluorescence (GFP)
data was indicative of the GFP fluorescence of 10,000 cells.
Analyses were performed at 24 hours post-transfection.

Levels of PS-ODN uptake for DOTAP/ODN (N/P=4.7)
were very low. The addition of anionic polymer PPAA
increased uptake only moderately. However, addition of
copolymer PPAA-JEFFAMINE® 2000 10 mol % copolymer
significantly increased uptake (10 fold) @ N/P=0.5. No anti-
sense silencing effect was observed with the DOTAP/ODN
(N/P=4.7) system. Addition of PPAA polymers reduced GFP
expression by only 20% @N/P=1. However, addition of
PPAA-JEFFAMINE® 2000 10 mol % copolymer to DOTAP/
ODN reduced GFP expression significantly (—80%). The
maximum shut off of expression occurs @ N/P=0.5.

PPAA-PEG 5000 (10 mol % or 25 mol %) copolymers in
DOTAP/ODN complexes showed similar results. No anti-
sense silencing effect was observed with the DOTAP/ODN/
PPAA-PEG 5000 complexes.

JEFFAMINE® conjugated to PPAA in DOTAP/ODN
complexes showed similar results. Table 4 summarizes
uptake and percent fluorescence results for scrambled ODN
and Table 5 presents uptake and percent fluorescence results
for grafted polymers DOTAP/ODN.

TABLE 4

Uptake and percent fluorescence results for scrambled ODN.

% Green uptake of
Fluorescence stdev  Cy5-ODN  stdev
D/O157(4.7) 103.0 3.4 150.1 27.4
D/Oscrambled(4.7) 113.2 128.9
D/O157/PPAA(L) 87.1 7.8 2434 151.8
D/Oscrambled/P(1) 94.9 436.9
D/0O157/12K 5 mol %-P(0.5) 17.5 3.2 1874.0  546.7
D/Osc/I2K 5 mol %-P(0.5) 123.9 22.7 1537.2 3360
D/0O157/12K10 mol %-P(0.5) 18.1 0.6 1646.1  157.3
D/Osc/I2K10 mol %-P(0.5) 58.3 1544.0
TABLE 5
Uptake and percent fluorescence results for grafted polymers
by themselves
% Green Uptake
Description N/P Fluorescence Cy5-ODN
J2K1 mol %-P polymer only 0.5 94.0 1.0
J2K5 mol %-P polymer only 0.5 96.0 1.0
J2K10 mol %-P polymer only 0.5 944 1.0

As is evident from Tables 4 and 5, (DOTAP/ODN/PPAA-
JEFFAMINE®), but not JEFFAMINE® polymer (DOTAP/
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ODN/PPAA+JEFFAMINER®) by itself in the DOTAP/ODN
complexes induced the enhanced antisense effect under
serum conditions.

Example 2

Using Graft Copolymers for Delivery of Antisense
Oligonucleotides in the Presence of Serum

Materials. A phosphorothioate oligodeoxynucleotide
tagged with Cy5 (5'-/5Cy5/TTG TGG CCG TTT ACG TCG
CC-3' (SEQ ID NO: 1)) was used for physical and biological
studies. The 20-mer oligonucleotide (ODN) (EGFP157), pre-
viously selected for down regulation of d1EGFP, was used to
assess the degree of silencing or antisense effect. We have
confirmed that the presence of the Cy5 tag does not signifi-
cantly alter the delivery of ODNss into cells or the ability of
ODNs to bind with mRNA and achieve an antisense effect.
The ODNs were obtained from Integrated DNA Technologies
(Coralville, Iowa) and delivered as HPL.C grade. Before use,
lyophilized ODNs were resuspended in phosphate buffer
saline (PBS) (Invitrogen, Carlsbad, Calif.) solution of pH 7.2
to a concentration of 100 uM.

The cationic liposomal formulation, N-[1-(2,3-dioleyloxy)
propyl]-N,N,N-trimethylammonium  methyl  sulphate
(DOTAP), was purchased from Roche Applied Science (In-
dianapolis, Ind.) in a liposomal form. Lipofectamine-2000
was purchased from Invitrogen and used as directed. Poly(a.-
propylacrylic acid) (PPAA) (Mn=27 kDa) was purchased
from Polymer Source (Montreal, Canada). PEO monomethyl
ether (MW=5kDa) was purchased from Fluka. 1-(3-dimethy-
lamino-propyl)-3-ethyl-carbodiimide was purchased from
Kawaguchi Chemical Industry Co., Ltd. (Tokyo, Japan).
4-(dimethyl-amino) pyridinium 4-toluenesulfonate was syn-
thesized following a published procedure. JEFFAMINE®
M-2070 (MW=2 kDa, EO/P0=31/10) was obtained from
Huntsman International, LLLC (Woodlands, Tex.).

For characterization studies, PPAA polymer, which was
received as a dried powder, was solubilized in 0.1 N NaOH in
PBS (pH 13). The JEFFAMINE® M-2070 grafted PPAA
copolymer (PPAA-g-JEFFAMINE®) was solubilized in a
NaOH—PBS (pH 12.5) formulation and then diluted. The
PEO grafted PPAA copolymer (PPAA-g-PEO) was solubi-
lized in PBS (pH 7.4). Solutions of DOTAP, ODN and poly-
mers were stored at 4° C. and vortexed prior to use. All other
reagents and solvents were purchased from Sigma-Aldrich
(St. Louis, Mo.), unless noted otherwise. All bufters were
prepared in MilliQ ultrapure water and filtered (0.22 pum)
prior to use.

2.1 Synthesis of Graft Copolymers

Methods described in Moore, 1., Stupp, S 1. Journal of
Organic Chemistry 1990, 55, 3374 and Hourdet D, L. A. F.,
Audebert R. Polymer 1997, 38, 2535-2547 were followed.
This reference is incorporated by reference herein in its
entirety.

For the PPA A-g-PEO copolymer, 200 mg PPAA was added
to 5 mL. DMSO along with 11 mg DPTs, and a slight molar
excess of PEO monomethyl ether required to achieve the
target graft ratio. The mixture was stirred for 30 min at room
temperature, after which 41 mg of EDCI was added. The
reaction was allowed to proceed at room temperature and
driven to completion by the addition of subsequent 100 mg
aliquots of EDCI added on days 4, 9, and 11. The reaction
mixture was then transferred to a Slide-A-Lyzer cassette with
10 kDa cut off and exhaustively dialyzed against deionized
water. The dialyzed solution was then lyophilized.
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For the PPAA-g-JEFFAMINE® copolymer, the same syn-
thesis, dialysis and lyophilization protocols that were used for
PPAA-g-PEO copolymer were followed, with the exception
that JEFFAMINE® M-2070 replaced the PEO monomethyl
ether and HOBt was used as the catalyst in place of DPTs.

Conventional gel permeation chromatography was used to
monitor the progress of the reactions and as an indicator of the
final molecular weight and polydispersity of the graft copoly-
mers. This was performed with the Waters 510 HPLC unit
equipped with a Waters 410 Differential Refractometer, a 5
um PL gel precolumn, and two PL gel columns (pore size
10°-10° Angstroms) that have been calibrated with polysty-
rene standards by using DMF containing 0.1% trifluoroacetic
acid as the mobile phase at a flow rate of 0.8 mL min~'.

2.2 Delivery Complex Preparation:

The delivery complexes are self-assembled from their
components through electrostatic interactions, first between
the cationic DOTAP liposomes and anionic ODN, and then
between the DOTAP/ODN complexes and the anionic poly-
electrolytes (PPAA, PPAA-g-PEO or PPAA-g-JEFFAM-
INE®). Complexes were prepared using a DOTAP/ODN
weight ratio of 10:1, which corresponds to a charge ratio of
4.7 (+/-). The calculated net charge ratio is defined as the ratio
of'the moles of DOTAP amine groups to the sum of the moles
of ODN phosphate groups and PPAA carboxylic acid groups.
The DOTAP working concentration used was 20 pg/ml. For
the ODN encapsulation assay, complexes were formed in
PBS to yield a final ODN concentration of 750 nM. For gene
silencing experiments, complexes were formed in PBS to
yield a final ODN concentration of 300 nM. All DOTAP/
ODN/polyelectrolyte complexes were formed by mixing
equal volumes of DOTAP and ODN, followed by incubation
for 30 minutes at room temperature. Polyelectrolyte was then
added to the DOTAP/ODN solution to produce the desired
charge ratio. DOTAP and ODN were assumed to be com-
pletely ionized (100%), while the carboxylic acids of PPAA
were assumed to be 33% ionized at pH 7.4 based on its pKa
value. This assumption made for PPAA was also applied to
the remaining PPAA groups in PPAA-g-PEO and PPAA-g-
JEFFAMINE® copolymers. Lipofect AMINE 2000 (Invitro-
gen, Carlsbad, Calif.) complexed to ODN in a weight ratio of
2:1 was employed as a control. The ratio of complex volume
to buffer/media volume was maintained constant at 1:4.

2.3 Cell Culture.

Chinese hamster ovary (CHO-K1) cells stably integrated
with destabilized EGFP (d1EGFP) transgene were prepared
as known in the art. A glioblastoma (U87) cell line (ATCC,
Manassas, Va.) also expressing d1EGFP was developed in a
similar manner by transfecting these cells with the 4.9-kb
pd1EGFP-N1 plasmid (BD Biosciences Clontech, Palo Alto,
Calif., USA), followed by clonal selection and maintenance
under selective pressure of G418 (Invitrogen, Carlsbad,
Calif.). The CHO-d1EGFP cell line was maintained in F-12K
medium (Kaighn’s modification of Ham’s F-12; ATCC,
Manassas, Va.) supplemented with 10% fetal bovine serum
(FBS) (Invitrogen, Carlsbad, Calif.), 100 U/mL penicillin
(Invitrogen, Carlsbad, Calif.) and 100 pg/ml. streptomycin
(Invitrogen, Carlsbad, Calif.). The U87-d1EGFP cell line was
maintained in 10% Minimal Essential Media (MEM) (ATCC,
Manassas, Va.) supplemented with 10% FBS, 4 mM
L-glutamine (Invitrogen, Carlsbad, Calif.), 1 mM sodium
pyruvate, 1 mM non-essential amino acids, 100 U/mL peni-
cillin and 100 pg/ml streptomycin. Both cell types were
maintained under constant selective pressure by using G418
antibiotic (500 pg/ml). Cells were cultivated in a humidified
atmosphere at 5% CO, and 37° C.
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2.4 Characterization of PPAA-g-PEO and PPAA-g-JEF-
FAMINE®:

The extent of PEO and JEFFAMINE® M-2070 grafting
onto PPAA backbones was determined by NMR spectros-
copy, which was performed on a Varian 400 MHz spectrom-
eter. The percentage of grafting was calculated by the ratio of
the integrated peak areas of the methylene protons in the
grafted chains to the methyl protons in PPAA. For the PPAA-
g-PEO, "HNMR (DMSO-d,) 8 0.80 (s, CH,), 0.95-2.0 (m, br,
CH,(PPAA), 2.10 (br), 2.17 (br), 2.29 (br), 2.35, 2.41, 2.64,
277, 2933 (br), 3.2 (OCH,), 3.29 (1), 347 (s,
—OCH,CH,0—), 3.65 (1), 4.10 (br, C(O)OCH,CH,OPEO),
4.6-4.8 (br), 4.9-5.2 (br), 7.05 (br), 8.45 (br). For the PPAA-
g-JEFFAMINE®, 'H NMR (DMSO-dy) 8 0.82 (s, CH,),
1.0-2.0 (br, CH,), 2.10, 2.17, 2.2-3.0 (br), 2.9-3.0 (br), 3.2
(OCH;), 3.24-342 (m, CH+CH, (PPO), 3.47 (s,
—OCH,CH,0—), 3.50, 3.51, 3.52, 3.65 (1), 4.6-4.8 (br),
5.0-5.3 (br), 5.50(s), 7.08 (d), 7.45-7.60 (br), 7.66 (C(O)NH).

The NMR spectra of PPAA-g-PEO copolymer contain
chemical shifts expected for methylene protons of the PEO
ester moiety formed by reaction of the PPAA carboxylic acids
with the primary alcohol of PEO (4.1 ppm). In the case of
PPAA-g-JEFFAMINE®, the spectra contain the amide pro-
ton (NH) that is formed by reaction of PPAA carboxylic acid
groups with the primary amine of JEFFAMINE® (7.6 ppm).
The GPC chromatograms of the isolated products also reveal
the disappearance of the starting materials and the appearance
of new multimodal peaks at high molecular weight.

Because only a few of the graft copolymers from the initial
set synthesized were soluble in aqueous buffer, even when
NaOH base was added to enhance solubility, the physical and
biological studies were limited to investigations of two simi-
lar graft copolymers: 1) PPAA-g-PEO containing 21 mole %
grafting of the 5 kDa PEO monomethy! ether, total number-
average molecular weight of 57 kDa, and polydispersity
index of 1.4; and, 2) PPAA-g-JEFFAMINE® containing 25
mole % grafting of the 2 kDa JEFFAMINE® M-2070, total
number-average molecular weight of 58 kDa, and polydis-
persity index of 1.9. These graft copolymers are not com-
pletely analogous, as the pendent comb chains of PEO are of
greater molecular weight than the pendent JEFFAMINE®
chains. Nevertheless, these two graft copolymers provide us
with sufficient structural similarities to allow comparisons of
their abilities to deliver ODN to cells in the presence of
serum-containing treatment conditions.

2.5 Physical Characteristics of DOTAP/Polymer/ODN Com-
plexes:

The degree of ODN encapsulation in the vectors was deter-
mined by measuring the quenching of fluorescence from Cy5
labeled ODNSs (F-ODNS). Solutions of DOTAP/F-ODN in the
presence and absence of PPAA or PPAA graft copolymers
were loaded into a polystyrene clear bottom 96-well black
plate (Corning, Corning, N.Y.). The CyS5 fluorescence inten-
sity was measured at excitation and emission wavelengths of
630 and 680 nm, respectively, using an Ascent Fluorescence
Multi-well Plate Reader. After background subtraction each
data point was normalized to control, i.e., uncomplexed
ODN. Disruption of the complexes to recover encapsulated
F-ODN was achieved by using a 0.25% solution of Triton
X-100. Negligible fluorescence (close to background) was
obtained for carrier (in the absence of ODN) and Triton X-100
(in the absence of ODN). The degree of encapsulation in the
presence and absence of Triton X-100 was calculated by the
following formula:
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(Fes0,sampte — Fos0,pBs)

% Encapsulation= %100

(Feso,0pn — Feso,pas)

In this binding study, the charge ratio of DOTAP/ODN was
fixed at 4.7 (corresponding to a weight ratio of 10/1), and the
net charge ratio of complexes containing anionic PPAA or
graft copolymers was 1.0. The degree of ODN binding in the
various complexes was quite similar, with less than 20% free
ODN detected either in the presence or absence of polymer.
Further, the encapsulated ODN was recovered when the com-
plexes were disrupted with Triton X-100 surfactant. Fluores-
cence (Cy5) corresponds to free Cy5-ODN in solution, while
absence of fluorescence indicates quenching or ODN in
bound (complexed) state. These results demonstrated that the
binding ability of the cationic liposome, DOTAP, with
anionic ODN is unaltered by the addition of PPAA or graft
copolymers, and furthermore that the ODN was still part of
the complexes and could be recovered.

To further characterize the complexes, particles were
examined using dynamic light scattering. Particles sizes were
measured at a DOTAP/ODN charge ratio of 4.7 and a
DOTAP/ODN/polyelectrolyte net charge ratio of 1 in PBS,
Opti-MEM (serum-free media) and MEM (containing 10%
FBS). The particle sizes of DOTAP/ODN complexes in the
absence of polymer were smallest in PBS solution, compared
to opti-MEM or MEM with 10% FBS. The particle sizes of all
the other complexes containing PPAA, PPAA-g-PEO or
PPAA-g-JEFFAMINE® were found to be independent of the
buffer solution. In general, all of the complexes formed fairly
stable particles in the three buffer solutions with sizes ranging
from 215-300 nm. Overall, these observations were in agree-
ment with the results from the ODN encapsulation studies,
where all the complexes bound to ODN equally efficiently.
Further, they indicated that neither PPAA nor its graft copoly-
mers induced widespread aggregate formation, despite the
overall charge neutrality of the system.

2.6 Hemolysis

The membrane-disruptive activity of PPAA and the grafted
polymers was assessed using a hemolysis assay as described
in Murthy, N.; Robichaud, J. R.; Tirrell, D. A.; Stayton, P. S.;
Hoffman, A. S. J Control Release 1999, 61, 137-143. Stock
solutions of polymers were vortexed thoroughly to ensure
complete solubility, and dilutions of the polymer were pre-
pared fresh. Phosphate buffers, in the pH range 5.5-7.0, and
citrate buffer of pH 5.0, were prepared by titration of 100 mM
sodium mono and diphosphate and 100 mM sodium citrate,
respectively, to achieve the appropriate pH values. Solutions
of PPAA, PPAA-g-PEO and PPAA-g-JEFFAMINE® were
added to pH bufters 5.0, 5.5, 6.0, 6.5 and 7.0 at 40, 240 and
400 pg/ml and vortexed thoroughly. To these polymer solu-
tions, fresh RBCs that had been washed just prior three times
with 100 mM NaCl were added at 10® cells/ml, incubated in
a water bath at 37° C. for 1 hr, and then centrifuged for 4 mM
and 400 g to pellet the intact RBCs. The absorbance of the
supernatants (541 nm) was determined on a UV spectropho-
tometer (Thermo Spectronic). Experimental controls
included RBCs in pH buffers in the absence of polymer
(negative control) and RBCs in distilled water (positive con-
trol). Each test was performed in triplicate. The percentage of
hemolysis was determined using the formula below:
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(Asa1,sample — As541 buffer) .

Hemolysis= 100

(Asar,distittedwater)

RBC hemolysis induced by polymer was normalized to
control (distilled water). PPAA produces significant
hemolytic activity at pH 6.0, the pH of endosomes, and
absence of hemolytic activity at pH 7.0, the pH of the cyto-
plasm. In comparison, both the graft copolymers, PPAA-g-
PEO and PPAA-g-JEFFAMINE®, demonstrated <10%
hemolytic activity throughout the pH range of 5.0 to 7.0.
2.7 Intracellular ODN Delivery and Inhibition of d1EGFP
Expression.

The biological activity of the ODN complexes was
assessed in CHO and U87 cell lines that stably express a target
gene encoding d1 EGFP, a form of enhanced green fluorescent
protein with a protein half-life of approximately 1 hr. The
intracellular delivery of ODN molecules into cells and the
gene silencing effects were quantitatively determined from
the fluorescence of CyS5-labeled ODN and GFP expression,
respectively, using flow cytometry.

Cells were split at approximately 70% confluence and
seeded onto 12-well plates (Fisher, Suwanee, Ga.) at 10°
cells/ml (with 1 ml per well) ~18 h prior to ODN treatment.
For cellular uptake and antisense studies, cells were treated
with Cy5-labelled antisense ODN (target d1EGFP gene
encoding GFP) to result in a final ODN concentration of 300
nM per well. In the case of treatment, 200 ul of complexes
were prepared as described in the “Vector preparation’ sec-
tion, mixed with 10% serum-containing cell culture medium
and added to each well, while for the control samples com-
plexes were substituted with 200 pl of PBS. After 4 hours of
cell exposure to treatment, complexes were aspirated and
cells were refilled with fresh medium. Cells were assayed for
Cy5-ODN uptake and GFP activity 24 hrs post-ODN treat-
ment using fluorescence activated cell sorting (FACS).

Cells were prepared for FACS analysis first by washing
cells with PBS buffer, followed by the addition of trypsin-
EDTA (Invitrogen, Carlsbad, Calif.) to remove cells from the
plate surface Immediately after cell detachment, cell culture
medium was added to neutralize the trypsin. Following this,
cells were collected in pellet form by centrifugation for 3.5
min at 200 g, resuspended in 150 pl of PBS and maintained on
ice until the time of analysis. Cells were analyzed for size
(side scatter), granularity (forward scatter), intensity of CyS5
fluorescence (FL4 channel) and intensity of GFP (FL.1 chan-
nel). Geometric mean fluorescence intensities for 10,000
cells were determined on the FACS Calibur three-laser flow
cytometer (BD Biosciences). “Control” refers to DOTAP/
ODN only and other groups indicate the polymer added to this
combination, except “lipo” refers to delivery with Lipo-
fectamine-2000. CellQuest software was used to acquire and
analyze the results. After ensuring that the background GFP
fluorescence from cells lacking d1EGFP plasmid was negli-
gible, the degree of silencing was calculated using the follow-
ing formula:

(FSZS,rrearmem)

% Silencing= %100

(F525 controt)

The results for CHO-d1EGFP cell line are presented in
FIGS. 4a and 45. The % GFP Fluorescence was normalized to
untreated cells.
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In 10% serum-containing media, relatively low levels of
Cy5-ODN uptake and minimal antisense activity by the
DOTAP/ODN/PPAA complex over a range of charge ratios
from 4.7 to 0.25 was observed. The incorporation of PPAA-
g-PEO copolymer into DOTAP/ODN complexes also pro-
duced no substantial increase in intracellular ODN levels,
yielding insignificant antisense activity throughout the range
of charge ratios tested. In marked contrast, complexes con-
taining PPAA-g-JEFFAMINE® copolymer produced an
8-fold increase in intracellular levels of ODN compared to
PPAA, under the same 10% serum-containing conditions.
This enhanced uptake with the PPAA-g-JEFFAMINE® cor-
related with a gene silencing effect of ~90%. Moreover,
PPAA-g-JEFFAMINE® containing complexes delivered
ODN and produced a greater antisense effect than the com-
mercial standard, Lipofectamine 2000. The maximum ODN
delivery and gene silencing effects induced by PPAA contain-
ing complexes occurred at a net charge ratio of 1.0, while for
PPAA-g-JEFFAMINE® containing complexes the maxi-
mum occurred at a net charge ratio of 0.5.

The results for U87-d1EGFP cell line are presented in
FIGS. 54 and 5b. In U87-d1EGFP cells, the ability of the
various carrier systems to deliver ODN was rather different
than that in the CHO-d1EGFP cells. Similar to the results for
the CHO-d1EGFP cell line, the DOTAP/ODN delivery sys-
tem failed to initiate sufficient ODN uptake or significant
antisense effect by U87-d1EGFP cells in the presence of
serum. In this case, PPAA by itself was the most effective
adjunct in treatments with serum-containing media in terms
of ODN delivery and gene silencing activity. The PPAA-
containing complexes caused a 4-fold increased uptake of
ODNs, which resulted in 60% GFP fluorescence level (or
40% gene silencing) compared to control. Here, the maxi-
mum ODN delivery into cells occurred at a net charge ratio of
1. In the case of complexes containing PPAA-g-PEO, low
levels of intracellular ODN uptake and negligible gene silenc-
ing effects were observed. PPAA-g-JEFFAMINE® contain-
ing complexes produced a two-fold increased uptake of
ODNs compared to complexes without any polymer addition
(i.e., DOTAP/ODN), and 30% gene silencing. The PPAA-g-
JEFFAMINE® containing complexes achieved maximum
antisense activity at a charge ratio of 2, compared to a charge
ratio of 0.5 in CHO-d1EGFP cells.

2.8 Cytotoxicity/Cell Proliferation

CHO-d1EGFP cells were seeded onto a 96-well plate and
treated with 20 uL. of complexes, prepared according to meth-
ods described above, and mixed with 80 ul. of serum-con-
taining media (10% FBS). After 24 hours, 20 pulL of MTT
reagent (Promega, Madison, Wis.) was added to 100 pL. of
media, per the manufacturer’s protocol, and cells were incu-
bated for a period of two hours under humidified conditions.
Production of the tetrazolium salt (MTT) was quantified colo-
rimetrically to represent cell viability, as follows:

A490 reatmen
% Cell Viability= —20Areament

490,control

# 100

In both CHO-d1EGFP and U87-d1EGFP cell lines the
greatest cytotoxicity was induced by the complex that yields
highest ODN delivery and antisense activity. That is, in CHO-
d1EGFP cells, the PPAA-g-JEFFAMINE® containing com-
plex was the most cytotoxic at the optimal charge ratio 0of0.5,
although the effect was relatively small (cell viability exceeds
80%). Similarly, in U87-d1EGFP cells, the PPAA containing
complex was the most cytotoxic (cell viability reduced to
about 50%) at the optimal charge ratio of 1.0.
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Example 3

Silencing of Oncogene Expression in Cancer Cells
by Delivery of siRNA with Graft Copolymer
Formulation

The ability of graft copolymers to enhance cationic lipo-
some-mediated delivery of siRNAs that is targeted to Bcl-2,
anti-apoptotic, gene was tested. The degree of Bcl-2 gene
silencing was assessed in HelLa (cervical carcinoma) and
MCF-7 (breast cancer) cell lines that over-expressing this
oncogene.

Cells were seeded in 12-well plates at ~10° cells/ml and
treated with siRNA-containing complexes (at a final siRNA
concentration of 40 and 50 nM) 20 hours post-seeding. The
cells were treated with complexes for a period of 4 hours
under serum-containing (10% FBS) media, after which com-
plexes were aspirated and replaced with fresh media. We
evaluate the degree of mRNA gene silencing 24 hours post-
treatment using PCR (polymerase chain reaction) by the
2AAC; method. This method assumes equal amplification
efficiencies for b-actin and Bcl-2 gene.

The degree of gene silencing was calculated using the
following equations:

ACT:(CT)Bclfz_(CT)ﬁﬂcn'n
AACTH(CDpearmen(CDcontrot

% Silencing=100-(2-2ACT*100)

The degree of gene silencing in Hela cell type (cervical
carcinoma) observed 24 hours after treatment with siRNA at
concentration of 40 nM using various siRNA delivery meth-
ods are presented in Table 6 below.

TABLE 6

The degree of gene silencing in Hela cell type

Sample (CPp-vein  (Cpaan ACr AACy % Silencing
Control 11.9 25.6 13.6
Lipofectamine 11.8 26.2 144 0.8 42.6
2000/siRNA
DOTAP/PPAA/ 12.4 27.0 14.5 0.9 46.0
siRNA
DOTAP/PPAA-g- 12.1 27.1 15.0 1.4 61.0
JEFFAMINE ®/
siRNA

The degree of gene silencing in MCF-7 cell type (breast

tumor) observed 24 hours after treatment with siRNA at con-
centration of 50 nM using various siRNA delivery methods
are presented in Table 7 below.

TABLE 7

The degree of gene silencing in MCF-7 cell type
Sample (CPp-vein  (Cpaan ACr AACy % Silencing
Control 10.2 21.9 11.6
Lipofectamine 10.1 21.9 11.9 0.25 15.9
2000/siRNA
DOTAP/PPAA/ 103 22.0 11.7 0.1 6.0
siRNA
DOTAP/PPAA-g- 10.1 22.6 12.5 0.9 46.4
JEFFAMINE ®/
siRNA
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Example 4

Cationic Antimicrobial Peptide-Graft Copolymer
Complex

4.1 Polymer Synthesis and Characterization

Linear polymers of poly(propylacrylic acid) (PPA) and
poly(methacrylic acid) (PMAA) were prepared by standard
free radical polymerization under nitrogen using AIBN as the
initiator. Their molecular weights were determined by proton
nuclear magnetic resonance. “H NMR) (500 MHz-Varian
Inova, Santa Clara, Calif.) and by gel permeation chromatog-
raphy (GPC) (Malvern Viscotek with Triple Detector, Hous-
ton, Tex.) using an A4000 300x7.8 mm column (Malvern,
Westborough, Mass.), polystyrene standards, and a mobile
phase consisting of dimethylformamide with 0.1% trifluoro-
acetic acid.

Graft copolymers were then prepared from the PPAA and
PMAA backbones and the polyetheramine JEFFAMINE®
VR M2070 using carhodiimide coupling as described above.
The molecular weights and graft densities of the resulting
copolymers were determined by GPC and by 'H NMR. Here-
after, the nomenclature used in describing the graft copoly-
mers will be, e.g., PMAAg], meaning the graft copolymer of
PMAA and JEFFAMINE® M2070 was synthesized at a
molar ratio of 1:100 (1.0 mol JEFFAMINE® per 100 mol
PMAA carboxylic acid groups).

After lyophilization, each polymer was initially reconsti-
tuted in 1-lyclone cell culture-grade water at between 1 and
10 mg/ml. and sufficient 1M NaOH to raise the pH to 12.5.
This was stirred at room temperature and 500 rpm until the
polymer was fully dissolved, adjusting the pH back to 12.5 as
needed. The dissolved polymer was dialyzed (5 kDa MWCO)
against a large excess of Milli-Q water, using at least three
exchanges or until the pH was between 7 and 8. Characteriz-
ing data for the polymers is presented in Table 8.

TABLE 8
Poly(alkylacrylic acid) Graft Copolymer Molecular Weights and
Graft Densities

Backbone Graft density (%) Mw/Mn (kDa)  Designation
PPAA 0 71/27 PPAA
PPAA 0.5 61/26 pPpAAgl
PPAA 5.9 109/52 PPAAgl0
PMAA 0 122/36 PMAA
PMAA 1.8 162/77 PMAAg]
PMAA 5.0 289/78 PMAAglO

4.2 Zeta-Potential and Particle Sizing

Zeta-potential and particle size of reconstituted polymers
and peptide:polymer nanocomplexes were measured using a
Malvern Zetasizer Nano ZS instrument. For zeta-potential
measurements, a reuseable dip cell was used and Smolu-
chowski conditions (spherical particles in low-salt, aqueous
solution) were assumed in the automated analysis of the elec-
trophoretic mobility. For sizing measurements, 173° back-
scattering was chosen as the detection mode and light scat-
tering conditions were optimized by the instrument. Preset
instrument algorithms were used to relate Brownian motion
correlation function to particle size. All readings were con-
ducted at 25° C. after a 120 s equilibration period.
4.3 Evaluating the Influence of Charge Ratio (CR)

A series of peptide:polymer complexes were formulated at
a fixed copolymer concentration of 0.05 mg/mL. with increas-
ing amounts of peptide KSL-W. Samples were stirred over-
night (500 rpm/room temperature) and then sonicated for 20
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min to equilibrate structures Light scattering and zetapoten-
tial measurements were performed to evaluate self-assembly
behavior as a function of polymer characteristics and peptide:
polymer charge ratio (CR). Size and zeta-potential of each
sample were measured as described earlier.
4.4 Degradation Rates

Aqueous solutions of the peptide:polymer complexes with
various peptide:polymer charge ratios and peptide KSL-W
concentrations between 30 and 80 mg/ml were combined 1:1
v/v with human plasma (sodium heparin anticoagulated, Bio-
logical Specialty Corporation) and placed ina 37° C. incuba-
tor. Fifty microliter aliquots of this mixture were injected at 1
h intervals onto a Prosphere HP C18-300 column, 250x4.6
mm (Grace) mounted on a Waters HPL.C system. The injec-
tion was loaded onto the column and equilibrated using a
90%/10%/0.1%  water/acetonitrile/trifluoroacetic  acid
mobile phase and then eluted using a continuous gradient up
to 70% acetonitrile. Integration of the KSL-W absorbance
peak at 280 nm was used to determine peptide concentration
in each sample. Every sample was run in parallel with a
free-drug control at the same concentration.
4.5 Release Profiles

For each sample to be tested, 4 mL of solution containing
66 mg/ml KSL-W and the appropriate amount of polymer for
the desired charge ratio (between 0.05 and 0.1 mg/mL
depending on polymer graft density and molecular weight)
was prepared and aliquoted into four 8-10 kDa MWCO dialy-
sis membranes (Float-a-Lyzer, Spectrum Laboratories). Each
membrane cartridge was placed into 40 mL of MilliQ water at
37° C. with gentle rocking (VWR brand incubating rocker, 50
Hz/15°. At 1, 6, 24, and 120 h, one sample of each type was
removed from dialysis. The amount of KSL-W remaining in
each cartridge was evaluated at each time point using HPLC.
4.6 Binding Efficiency

Efficiency of binding for each polymer-drug plex was
determined using ultrafiltration. Ultrafiltration cartridges
with 10 k MWCO (Amicon Microcon Ultrafiltration Filters)
were used according to manufacturer’s instructions. Briefly,
each cartridge was filled with 500 ulL of sample and centri-
fuged at 14 k rpm for 20 min. The filter insert containing
complexed drug was inverted in a clean centrifuge tube and
centrifuged at 1 krpm for 20 min. The KSL-W content of
filtrate and retentate were determined using HPLC as
described above.
4.7 Antimicrobial Testing

The minimum inhibitory concentrations (MIC) of KSL-W
and its nanocomplexes were measured using the Clinical
Laboratory Standards Institute (MI) broth microdilution
method. Briefly, two-fold serial dilutions of free or com-
plexed KSL-W solutions were prepared in THB medium at a
volume of 200 IL/well in flat-bottom 96-well tissue culture
plates (BD Biosciences). Hundred microliter of Staphylococ-
cus aureus UAMS-1 (10 CFU/mL) was then added to each
well. Plates were incubated overnight at 37° C. and then
assessed by turbidity (absorbance at 600 nm). The concentra-
tion at which no turbidity was observed was considered the
MIC. Each assay was reproduced in triplicate.
4.8 Statistical Analysis

Data are presented as means+/-standard deviation unless
otherwise indicated. Where only two conditions were com-
pared, statistical comparisons between samples were exam-
ined using Student’s t-test. This method was used to evaluate
differences between size and zeta-potential of KSLW:
PPAA10 in water versus saline conditions and peptide deg-
radation in polymer-complexed versus free peptide. Where
multiple conditions were compared simultaneously, one-way
ANOVA with Tukey adjustment of the p-values for pairwise
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comparison was used instead. This method wasused to evalu-
ate variations in zeta-potential and logarithm of particle size
of the different polymer complexes. To account for different
total percentages in the release data, a Wilcoxon rank test was
performed on the asymptotics of the release curves to deter-
mine differences in the release behavior. p-values <0.05 were
considered significant in t tests and Wilcoxon test unless
otherwise indicated.
4.9 Degradation of KSL-W in Human Plasma

In 50% human plasma, the KSL-W peptide by itself
degrades at a rapid, concentration-dependent rate. The half-
life of the peptide is 4 h at an initial KSL.-W concentration
between 33 and 72 pg/mL and 1 h at an initial concentration
between 132 and 330 pg/ml, with near-complete degradation
of free KSL.-W at 24 h for all initial concentrations tested up
to 1 mg/ml.. At a peptide:polymer charge ratio of 0.5, the
degradation rate of KSLW: PPAAg] is significantly less than
that of the corresponding free peptide at all time points
(p<0.01), with only 20% degradation at 4 h and 50% at 24 h.
KSL-W complexed with either ungrafted PPAA or PPAAg10,
on the other hand, degrades at a rate statistically identical to
that of the free drug at the same concentration. When com-
plexed with PPAAgl1, KSL.-W degradation at 2 and 3 h is
statistically identical whether complexed at a charge ratio of
0.5 (KSL-W concentration of 132 or 1.0 (KSL-W concentra-
tion of 66 pg/ml.), in spite of the much increased degradation
rate of the free drug at the higher concentration. PMAAg1
provides similar protection to PPAAg1 up to 4 h (p ~0.2) but
degradation at 24 h approaches the level of the free drug
PPAAg], on the other hand, limits degradation to 40% (CR
0.5) and 50% (CR 1) at 24 h.
4.10 KSL-W Binding Efficiency and Release from Com-
plexes

At CR 0.5, the initial binding of KSL-W to PPAAg] and
PPAAg10 is effectively 100%. That is, for both of these
peptide:polymer complexes, no free KSL-W passes through
the 10 kDa NIWCO ultrafiltration membrane in measurable
quantities, indicating essentially complete binding of the cat-
ionic peptide to the anionic polymer. Free KSL.-W at the same
concentration passes through the membrane with better than
95% efficiency even when the membrane is first conditioned
with graft polymer, indicating that retention of the peptide is
indeed due to binding to the polymer and is not due to inter-
ference or clogging of the membrane by the polymer. When
the initial charge ratio is increased to 5; however, PPAAg10
retention in the filter was only about 20%, statistically similar
to the amount of free drug retained in the filter at this higher
KSL-W concentration (p ~0.2). This is indicative of a satu-
ration of the binding of the peptide to the polymer backbone,
with excess peptide remaining free in solution uncondensed).
The graft copolymer nanocomplexes provide controlled
release behavior that is dependent on the graft density. At an
initial charge ratio of 0.5, the KSLW:PPAAg10 nanocomplex
exhibits burst release behavior with almost 80% KSL-W
released within 24 h, while the KSL-W:PPAAg1 nanocom-
plex at the same 0.5 charge ratio exhibits much slower release
behavior, with a cumulative 30% release after 120 h, indicat-
ing stronger binding of the peptide to the PPAAg] polymer.
The 8-10 kDa dialysis membrane permitted rapid and com-
plete transport of free KSL-W, as indicated by the release of
over 95% within the first 6 h of dialysis, and hence was not
responsible for the observed differences in release rates from
the nanocomplexes. The release rates of KSL-W from both
polymers was statistically diftferent (p<0.05) from the diffu-
sion rate of the free KSL-W, as determined by a nonparamet-
ric analysis of the asymptotes of each curve.
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4.11 Antimicrobial Activity

With the exception of PPAAg]:KSL-W (CR 0.5), the pep-
tide: polymer nanocomplexes retained between 25% and
100% of the antimicrobial activity of the KSL-W, as demon-
strated by their MICs against Staphylococcus aureus
UAMS-1 (Table 9). The graft copolymers by themselves had
no significant antimicrobial activity at dosages up to 1
mg/mL. Although susceptibility guidelines for KSL-W are
not available, the dosages required for efficacy are high rela-
tive to currently available antibiotics (e.g., we found the MIC
of gentamicin against this S. aureus strain under these condi-
tions to be <3.1 mg/mL). KSL-W has previously been studied
primarily against salivary bacteria and C. albicans yeast, 4.34
and based on our data KSL-W may not be a lead cationic
peptide candidate against S. aureus. Because cationic antimi-
crobial peptides often use membrane disruption as one mode
of bacterial killing, if not the only one, they are generally
considered most clinically effective against gram-negative
bacteria. Although recent work has demonstrated KSL-W can
have activity against S. epidermidis, future efforts at deliver-
ing peptide drugs to S. aureus could include the use of pep-
tides with demonstrated activity against gram positive organ-
isms, such as oritavancin or PGLYRP-1, or combining
KSL-W with other antimicrobial agents.

TABLE 9

Minimum Inhibitory Concentrations (MICs) for KSLW and its Graft
Copolymer Nanocomplexes at Various Charge Ratios Against
Staphyloccocus aureus UAMS-1

Graft MIC (pug/mL) MIC ratio
copolymer: Charge (S. aureus (complexed/
Peptide ratio (CR) UAMS-1) free)
KSL-w NA 62-153 1
KSL-W:PPAA 0.5 125 (62) 2

2.5 125 (62) 2
KSL-W:PPAAgl 0.5 =705 (153) No activity

2.5 125 (62) 2
KSL-W:PPAAglO 0.5 250 (62) 4

5 100 (100) 1
KSL-W:PMAAgl 0.5 125 (62) 1

2.5 125 (62) 2

5 100 (100) 1

Numbers in parenthesis are the MICs for KSL-W free drug in the specific test; MIC values
varied within about one serial dilution from test to test.

This work has established that poly(alkylacrylic acid)
polymers grafted with amphiphilic polyetheramine chains
can form stable, protective polyelectrolyte nanocomplexes
with cationic antimicrobial peptides such as KSL-W. The
binding and release characteristics of the peptides from the
nanocomplexes can be controlled by adjusting the graft den-
sity, polymer backbone, or charge ratio. Depending on the
graft density and charge ratio, these peptide:copolymer nano-
complexes can provide substantial protection to the bound
peptides from degradation in human plasma for at least 24 h
and can retain at least some of the biological activity of the
peptide.

Example 5

Delivery of siRNA Silencing Runx2, Inhibiting
Osteogenesis in a Cell Culture Model of
Heterotropic Ossification (HO)

5.1 Synthesis and Characterization of Poly(Propylacrylic
Acid)-Graft-JEFFAMINE®

The graft copolymers were prepared by carbodiimide cou-
pling of JEFFAMINE® M-2070 pendent chains to the acry-
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late backbone chain (PPAA). Briefly, for the 1% theoretical
JEFFAMINE® graft density copolymer, 100 mg of PPAA
(1.41x107> mmol), 17.5 mg of JEFFAMINE® M-2070
(8.76x1072 mmol), 11.8 mg of HOBt (8.76x1072 mmol) and
2.5 mL of DMF were mixed in a 4 mL glass vial until the
solids were completely dissolved. Then 16.8 mg of EDC
(8.76x1072 mmol) were added, and the reaction vial was
placed in the Polyblock-4 reaction block and stirred at 250
rpm at room temperature for 50 hours. This procedure was
repeated for the 10% theoretical grafting by increasing the
amounts of JEFFAMINE® and HOBt accordingly. The graft
copolymers were purified by equilibrium dialysis using a
12-14 kDa MWCO regenerated cellulose dialysis tube
(Cellu-Sep, Seguin, Tex.). The dialysis tube containing 10
ml of the reaction mixture was placed in 500 mL. of DMF,
and the external dialysate solution was exchanged at 48 h with
fresh DMF. After 96 h dialysis withDMF, the dialysis was
repeated for another 96 h against methanol. The contents of
the dialysis bag were mixed with 10 mL of deionized water.
The methanol was allowed to evaporate overnight and the
resultant graft copolymer mixture in water was lyophilized
1H NMR analysis was used to determine the experimental
graft densities by the ratio of the areas of the CH,CH, peak of
JEFFAMINE® and the CH, peak of the backbone chain, and
the molecular weights were determined by GPC. 'H NMR
(DMSO-d6) 8 0.85 (s, CH3 of PPAA), 1.0-2.1 (br, CH2 of
PPAA), 1.1 (s, CH3 of PPO), 3.20 (s, OCH3), 3.20-3.45 (m,
CHCH2 of PPO), 3.5 (s, OCH2CH20), 7.6 (s, C(O)NH), 12.0
(s, COOH). The Mw/Mn of PPAA-g-1% JEFFAMINE® and
PPAA-g-10% JEFFAMINE® were 67 kDa/28 kDa and 109
kDa/52 kDa, respectively. The experimental graft densities
based upon 'H NMR analyses were 0.1% and 5.9% for the
theoretical PPAA-g-1% JEFFAMINE® and PPAA-g-10%
JEFFAMINE®, respectively.
5.2 Cell Culture

Mouse myoprogenitor cells (C2C12; ATCC: CRL-1772t)
were cultured in Dulbecco’s Modified Fagle’s Medium
(DMEM; ATCC: 30-2002) supplemented with 10% fetal
bovine serum (FBS, Invitrogen, Carlsbad, Calif.), 100 U
mL~" penicillin and 100 mg mL streptomycin (Invitrogen,
Carlsbad, Calif.) at 37° C. in a humidified atmosphere of 5%
CO2 in air. For maintenance and passaging, cells were
detached from tissue culture surface using trypsin-EDTA (In-
vitrogen, Carlsbad, Calif.) at 60-70% confluence and re-cul-
tured at 1:6 split ratio. The cells were cultured at 4000 cm™
seeding density in standard tissue culture flasks (BD Falcont,
Franklin Lakes, N.J.).
5.3 Screening siRNA Candidates

Small interfering RNA (siRNA) sequences targeting
mouse Runx2 were designed on the basis of thermodynamic
considerations, using the RNAstructure algorithms, 12 fol-
lowed by heuristic pruning to restrict selection to sequences
containing no more than three of the same nucleotide in
succession and to those containing all four nucleotide bases.
The shortlisted siRNA sequences shown in Table 10 were
custom synthesized and purchased from Dharmacon (Chi-
cago, II1.). Nonspecific control siRNA labeled with fluores-
cent CyS5 dye atthe 30 end (AllStars Negative Control siRNA)
was purchased from Qiagen Sciences (Germantown, Md.).
The control siRNA was validated by the manufacturer to have
no homology to any known mammalian gene.
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TABLE 10

Candidate siRNAs based on
RNAstructure analysis

siRNA Sequence

5' - CAGACAAGUGAAGAGGUUUU-3 !
(SEQ ID NO: 2)
5'-AACCUCUUCACUUGUCUGUU-3 "'
(SEQ ID NO: 3)

S-1 Sense

Antisense

5'-GCAUAAAGGGAGAAGCAGUU-3"!
(SEQ ID NO: 4)
5'-CUGCUUCUCCCUUUAUGCUU-3"'
(SEQ ID NO: 5)

S-2 Sense

Antisense

5' - AUUGAAGAAGAAGCACACUU-3!
(SEQ ID NO: 6)
5' -GUGUGCUUCUUCUUCAAUUU-3 '
(SEQ ID NO: 7)

S-3 Sense

Antisense

C2C12 cells, seeded at 4000 cells per cm? in 12-well plates,
were transfected with each of the three candidate Runx2
specific siRNAs or scrambled siRNA in Opti-MEM reduced
serum media (Invitrogen, Carlsbad, Calif.) at a final siRNA
concentration of 160 nM using Lipofectamine 2000 (Invitro-
gen) for 4 hours. Cells were cultured in 100 ng ml,_ 1 human
recombinant bone morphogenic-2 protein (hrBMP-2)
supplemented complete growth media after transfection to
induce osteoblastic differentiation, or they were cultured in
normal growth media post transfection in case of control.
Three siRNAs were tested against the target gene Runx2, and
the siRNA with the most potent and specific gene silencing
effect was selected for further studies. The cells were assayed
for the activity of alkaline phosphatase enzyme on day 3
post-BMP-2 treatment.

5.4 SiRNA Treatment of C2C12 Cells with Nanocomplexes

Appropriate volumes of the cationic liposome DOTAP
(Roche Applied Science, Indianapolis, Ind.) and siRNA to
achieve a weight ratio of 10:1 (charge ratio (+/-) of 3.8) were
first diluted in HBS and PBS buffers respectively as per the
manufacturer’s guidelines and then complexed by vortex
mixing, followed by incubation for 30 minutes at room tem-
perature. The anionic polyelectrolyte (PPAA, PPAA-g-1%
JEFFAMINE® or PPAA-g-10% JEFFAMIN®) was added to
the DOTAP-siRNA complex to produce a theoretical net
charge ratio (+/-) of 1.0, which we have found to be optimal
for antisense oligonucleotide delivery, 10 d and the ternary
complexes were incubated for an additional 30 minutes at
room temperature. Theoretical charge ratios on nano-com-
plexes were calculated by assuming 100% ionization for
DOTAP and siRNA and 33% protonation of carboxylic acids
in PPAA at physiological pH. Lipofectamine 2000, used as
the control delivery agent, was complexed with siRNA at the
optimal weight ratio of 2:1 per manufacturer’s instructions.

For transfection, the C2C12 cells were cultured in 12 well
plates, and siRNA was used at a concentration of 160 nM
siRNA. Twenty four hours post-seeding, the conditioned
media was removed, and the cells were washed with the fresh
media. Next the cells were incubated with the DOTAP/
siRNA/polyelectrolyte complexes in the growth media con-
taining 10% FBS for 4 hours. Subsequently, the transfection
mixture was replaced by growth media supplemented with
100 ng mL~* BMP-2. The cells were grown for 3-5 days in
BMP-2 supplemented media, which was changed every 48
hours.

5.5 Physical Characterization of Nanocomplexes

The complexes were self-assembled in PBS as described

above. Hydrodynamic sizes and zeta potentials of the com-
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plexes were measured immediately after the formation of the
DOTAP/siRNA/polyelectrolyte complexes using a Malvern
Instruments Zetasizer Nano ZS-90 instrument (Southboro,
Mass.). Dynamic light scattering (DLS) measurements were
performed at a 901 scattering angle at 37° C. Each recorded
data value was the average of three (for hydrodynamic diam-
eter) and ten (for zeta potential) scans per measurement.

5.6 Cellular Uptake of Nanocomplexes by C2C12 Cells

C2C12 cells were treated with nanocomplexes as
described above, using CyS5 labeled negative control siRNA.
Cells were analyzed for Cy5-siRNA uptake 24 hours follow-
ing transfection using fluorescence activated cell sorting
(FACS) and laser-scanning confocal microscopy. Geometric
mean Cy5 fluorescence (FL4 channel) intensity for 10 000
cells was recorded on the FACS Calibur three-laser flow
cytometer (BD Biosciences, San Jose, Calif.). CellQuest soft-
ware equipped with the flow cytometer was used for the data
analysis.

For confocal microscopy, cells were seeded and trans-
fected in the Lab-tekt Chamber Slidet system (Nunc Brand
Products, Rochester, N.Y.) at 24 hours post seeding. After
four hours of incubation, the transfection mixture was
removed and the cells were fixed using 4% paraformalde-
hyde. DAPI (Invitrogen, Carlsbad, Calif.) and CellMaskt
Deep Red (Invitrogen) stains were used to stain nucleus and
plasma membrane respectively as per the manufacturer’s
guidelines. The cell samples were then analyzed using a Leica
TCS SP2 laser-scanning confocal microscope (L.eica Micro-
systems Inc, Buffalo Grove, I11.).

5.7 Runx2 Gene Expression Measurement

The expression of Runx2 gene was measured by quantita-
tive real-time PCR (rtPCR). Total RNA was extracted from
the cell samples using an RNeasy Mini kit (Qiagen, Valencia,
Calif.), and the cDNA templates were transcribed using Ret-
roScript reverse transcription kit (Ambion, Austin, Tex.)
according to the manufacturer’s instructions. NanoDropt
(Thermo Scientific, Wilmington, Del.) was used to determine
the concentration and purity of the RNA preparations. SYBR
Green master-mix (Qiagen) was used in RT-PCR reactions
according to the manufacturer’s instructions, and the reac-
tions were performed in a Lightcycler 3.5 Real-Time PCR
System (Roche Diagnostics, Indianapolis, Ind.). All primers
were designed in our lab and synthesized by Integrated DNA
Technologies, Inc. (IDT, Coralville, lowa). The Comparative
Ct (DDCt) method was used to calculate the relative gene
expression levels, where DDCt corresponds to the cycle
threshold difference between the reactions containing target
gene primer pair and the 18S rRNA housekeeping gene
primer pair in each sample. Each experiment was repeated at
least two times in triplicates. Data were expressed as
means+/-S.D. of the relative gene expression levels. The
primers were designed using the Primer3 web utility to obtain
the following sequences (all murine): 18S (forward)
5'-CCCTGCCCTTTGTACACACC-3' (SEQ ID NO: 8); 18S
(reverse) 5'-CGATCCGAGGGCCTCACTA-3' (SEQ ID NO:
9); Runx2 (forward) 5'-CCGCACGACAACCGACCAT-3'
(SEQ ID NO: 10); Runx2 (reverse) 5'-AGCCACCAAG-
GCTGGAGTCTT-3' (SEQ ID NO: 11).

5.8 Bone Mineralization Assays

Calcium deposition in osteogenically differentiated
C2C12 cells was evaluated using an Alizarin Red S (ARS)
staining method. The transfected and untransfected cells were
cultured in 100 ng mL~' BMP-2 supplemented media in 24
well plates for two weeks. Media were changed every 48
hours. On day 14, cells were fixed with 4% paraformalde-
hyde, then stained with a 2% solution of ARS dye at pH 4.2.
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After 20 minutes incubation followed by washing, the
samples were analyzed under a bright field microscope.
5.9 Statistical Analysis

Each experiment was repeated two to three times indepen-
dently. Measurements in each experiment were made in trip-
licate. All results are expressed as mean+/—standard deviation
(S.D.). The statistical significance was analyzed by Student’s
t test or ANOVA. A p value <0.05 was considered to be
statistically significant.

5.10 Cytotoxicity

The use of polymer and liposome based carriers is often
limited by their inherent cytotoxicities. The cytotoxicity
caused by the DOTAP/siRNA/anionic polyelectrolyte nano-
complexes was determined by monitoring the metabolic
activity of C2C12 cells transtected with the nanocomplexes
24 hours post transfection. When mixed at a 10:1 weight ratio
to give a net charge ratio 3.8, the DOTAP/siRNA lipoplexes
reduced the metabolic activity of the C2C12 cells to 86% of
the untreated cells. The ternary complexes of the DOTAP/
siRNA with PPAA or PPAA-g-JEFFAMINE® provided a
cytoprotective effect, with 95% basal metabolic activity
observed at an overall charge ratio of 1.0 irrespective of the
copolymer graft density. When the DOTAP:siRNA ratio was
increased to 20:1 to give the initial lipoplex charge ratio (+/-)
of 7.6, the metabolic activity was further reduced in all
samples but again the anionic polyelectrolytes provided a
cytoprotective effect Nonetheless, an initial DOTAP/siRNA
charge ratio of 3.8 was used for subsequent studies.

5.11 Results.

The efficient delivery of siRNA cargo, and consequently
the silencing of the targeted gene, is the cumulative outcome
of'several steps, including survival of the complexes in physi-
ological environment, efficient internalization of the com-
plexes by the cells, and their escape from the endosomolytic
pathway. Construction of a delivery system that is effective in
each of these ways remains a formidable challenge to the
field. The polyelectrolyte PPAA (ungrafted) demonstrates
outstanding membrane disruption ability at endosomal pH
and forms nanocomplexes with DOTAP/siRNA ofreasonable
size and charge, but the transfection carried out by DOTAP/
siRNA/PPAA resulted in inefficient silencing of the target
gene. Accumulation of serum proteins on the surface of nano-
complexes may disrupt their interaction with the plasma
membrane and thereby affect nucleic acid delivery.

To address this limitation, we developed copolymers of
PPAA grafted with JEFFAMINE® M2070, a copolymer of
ethylene oxide and propylene oxide with a terminal amine.
Grafting of the JEFFAMINE® onto PPAA abates the low pH
membrane disruption activity of the copolymer but augments
significantly the resistance to serum attack. 10c,d Further-
more, grafting of JEFFAMINE® chains onto the PPAA
imparts non-ionic amphiphilic character to the polyelectro-
lyte, enhancing its tendency to interact with lipophilic cell
membranes. Among the graft copolymers that we have syn-
thesized to date, PPAA-g-1% JEFFAMINE® exhibits the
greatest extent of membrane interaction. Our results with
antisense oligonucleotides have suggested that a minimum
level of grafting is necessary for serum stability, but once this
is attained, a lower hydrophilic-lipophilic balance is desir-
able, as is the case for the graft copolymers with low extent of
grafting and incorporation of the more lipophilic propylene
oxide moieties (i.e., JEFFAMINE®). In this light, it is rea-
sonable that the nanocomplexes formed in the presence of
PPAA-g-1% JEFFAMINE® exhibit maximum efficiency to
knock down Runx2 expression and inhibit the early and late
phenotypic markers of osteoblastic differentiation in C2C12
cells. Transfection of C2C12 cells by specific siRNA for 4
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hours efficiently knocked down expression of Runx2 in myo-
progenitor cells by 24 hours post transfection. Notably, the
biological effect of single-dose silencing was maintained at a
phenotypic level 2 weeks post transfection.

Further, by conjugating bone targeting ligand alendronate
to the PAO moiety of the graft co-polymer to achieve active
targeting of bone tissue we have developed an effective poly-
mer/lipid-based nanoparticle delivery system for siRNA that
has targeted affinity for bone tissue. The bone binding ligand
ALN was successfully incorporated as a c-graft on the PPAA
backbone via short PEG spacer chains. The cytotoxicity assay
indicated that PPAA-g-PEG and PPAA-g-PEG-ALN had
excellent cell-compatibility. The HA binding assay con-
firmed that the strong affinity of ALN towards HA allowed the
quick binding of nanocomplexes with HA. Confocal laser
scanning microscopy proved the efficient cell uptake of Cy5-
labeled siRNA-loaded nanocomplexes. In vitro transfection
of myoprogenitor cells C2C12, consequent silencing of tran-
scription factor Runx2 revealed that DOTAP/siRNA/PPAA-
g-PEG or DOTAP/siRNA/PPAA-g-PEG-ALN nanocom-
plexes were equally capable of efficiently eliciting RNA
intereference. However, DOTAP/siRNA/PPAA-g-PEG-ALN
exhibited preferential targeting of bone mineral in the oseo-
genically differentiated C2C12 culture as compared to that
observed in the case of DOTAP/siRNA/PPAA-g-PEG nano-
complexes.

Thus, it has now been demonstrated that silencing of
Runx2, mediated by potent delivery using the serum-stable
DOTAP/siRNA/PPAA-g-1% JEFFAMINE® formulation, is
sufficient to halt the osteogenic switch driven by BMP-2. The
fact that silencing was substantial and robust in serum-con-
taining media bodes well for use of this delivery formulation
in vivo.

Example 6

In Vitro and In Vivo Delivery of Antisense
Oligonucleotides Using Poly(Alkylene
Oxide)-Poly(Propylacrylic Acid) Graft Copolymers
in Conjunction with Cationic Liposomes

6.1. Synthesis of Poly(Alkylene Oxide) (PAO) Graft Copoly-
mers

Poly(propylacrylic acid) (50 mg, 0.44 mol of repeat units)
was taken in a dry 10 mL round bottomed flask. HOBt (9 mg,
0.044 mmol) and diisopropylcarbodiimide, DIPC (10.2 uL,
0.044 mmol) were added to the flask. Dry THF (5 mL) was
added to the flask and the reaction was stirred at room tem-
perature for 45 min After this, amine-terminated JEFFAM-
INE® or PEO (0.0044, 0.022, 0.044 moles corresponding to
1, 5, 10 mol % target graft densities, respectively) was added
and the reaction was stirred at 50° C. for 30 hrs. After the
reaction time, THF was removed and dried product was resus-
pended in a solution 0f 10% by volume 1N NaOH and 90% by
volume PBS, pH 7.4. This mixture was transferred to a Pierce
Dialyzer cassette (MWCO 10000 Da) and dialyzed against
distilled water for 3 days, with three buffer changes in the first
6 hrs, followed by one buffer change every 12 hrs for the
remaining time period. The product was then removed, lyo-
philized and characterized by proton NMR using DMSO as
the solvent.
6.2. Characterization of PAO Graft Copolymers

Using the amide peak for NMR integration is the most
direct and accurate method to determine the degree of conju-
gation, however since the peak is very small for integration,
this method is inaccurate when using small quantities of
material for analysis. Hence, the following methods have
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been used: 1) For the graft copolymers with
JEFFAMINE®M2070: the peaks of CH3 on PPAA and CH3
on JEFFAMINE® are used. 100% grafting is indicated by a
1:10 ratio of CH3 on PPAA and CH3 on propylene oxide of
JEFFAMINE®, respectively, 2) For the graft copolymers
with JEFFAMINE® M2005, the peaks of CH3 on PPAA and
CH3 on JEFFAMINE® are used. 100% grafting is indicated
by a 1:29 ratio of CH3 on PPAA and CH3 on propylene oxide
of JEFFAMINE®), respectively, 3) For the graft copolymers
with PEO, the peaks of H on CH3 of PPAA and H on EO of
PEO are used. 100% grafting is indicated by a 3:180 ratio of
H on CH3 of PPAA and H on CH3 of EO, respectively. For
PPAA-g-1 mol % JEFFAMINE® M2070: '"H NMR (DMSO-
d6) 8 0.8 (s, CH3), 1 (C—CH3), 3.5 (CH2, JEFFAMINE®)
are 3, 0.98, 2.8, respectively. For PPAA-g-5 mol % JEFFAM-
INE® M2070: 'H NMR (DMSO-d6) 8 0.8 (s, CH3), 1
(C—CH3), 3.5 (CH2, JEFFAMINE®) are 3, 2.38, 831,
respectively. For PPAA-g-10 mol % JEFFAMINE® M2070:
'"HNMR (DMSO-d6) 8 0.8 (s, CH3), 1 (C—CH3), 3.5 (CH2,
JEFFAMINE®) are 3, 3.3, 14.23, respectively. For PPAA-g-1
mol % JEFFAMINE® M2005: "HNMR (DMSO-d6) 8 0.8 (s,
CH3), 1 (C—CH3), 3.5 (CH2, JEFFAMINE®) are 3, 1.87,
2.01, respectively. For PPAA-g-1 mol % PEO: 'H NMR
(DMSO0-d6) § 0.8 (s, CH3), 3.3-3.5 (—CH2CH20O—) are 3,
2.63,3.91, respectively. For PPAA-g-5 mol % PEO: ‘H NMR
(DMSO0-d6) § 0.8 (s, CH3), 3.3-3.5 (—CH2CH20O—) are 3,
6.31, 16.23, respectively. For PPAA-g-10 mol % PEOQ: 'H
NMR (DMSO-d6) § 0.8 (s, CH3), 3.3-3.5 (—CH2CH20—)
are 3, 10.32,31.71, respectively.
6.3. Hemolysis Assay

The ability of PPAA and the grafted polymers to disrupt
membranes was assessed using a hemolysis assay. Briefly,
solutions of PPAA and graft copolymers at equivalent moles
of carboxylic acid groups were formulated in bufters at pH
values ranging from 5.0 to 7.0. Freshly washed red blood cells
(RBCs) were added at a concentration of 108 cells/mL,, incu-
bated in a water bath at 37° C. for 1 hr, and then centrifuged
for 4 min at 400 g to pellet the intact cells. The absorbance of
the supernatant, consisting of RBC lysate, was measured at
540 nm using a UV spectrophotometer (Thermo Spectronic)
and normalized to conditions consisting of RBCs in equiva-
lent buffers in the absence of polymer (negative control) and
RBCs in distilled water (positive control). RBCs were used
within two days of isolation.
6.4. Calcein Dye Leakage from Dye-Loaded DPPC Lipo-
somes

DPPC liposomes were prepared following the general pro-
tocol provided by Avanti Polar Lipids. Briefly, the first step
involved obtaining a thin lipid film, followed by hydration of
the lipid film with calcein dye by agitation and heating/stir-
ring at 50° C. for 2 hrs (Note: this temperature is greater than
the phase temperature of the lipid). The weight ratio of DPPC
lipid to calcein was 1:3 to ensure full loading of dye with
excess. Further, the samples were agitated and sonicated for
15 minutes to form lamellar vesicles, followed by 5 cycles of
freeze/thaw and extrusion using a 100 nm polycarbonate
membrane. Finally, unloaded calcein dye 